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NOTICE I

This report was prepared as an account of Government sponsored

work. Neither the United States, nor the National Aeronautics •

and Space Administration (NASA), nor any person acting on |
behalf of NASA:

A.) Makes any warranty or representation, expressed or •

implied, with respect to the accuracy, completeness,

or usefulness of the information contained in this

report, or that the use of any information, apparatus, I

method, or process disclosed in this report may not |
infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of, •

or for damages resulting from the use of any infor-

marion, apparatus, method or process disclosed in

this report. •

As used above, "person acting on behalf of NASA" includes

any employee or contractor of NASA, or employee of such con-

tractor, to the extent that such employee or contractor of NASA, i

or employee of such contractor prepares, disseminates, or

provides access to, any information pursuant to his employment

or controctwith NASA, or his employment with such contractor, li

Requests for copies of this report

should be referred to:

National Aeronautics and Space Administration

Office of Scientific and Technical Information

Washington 25, D.C.

Attention: AFSS-A
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SUMMARY

In this quarterly report, design manuals and Fortran computer programs

are presented for the following AC generators:

I. Two-Coil, Inside-Coil Lundell or Becky-Robinson Generator

2. Two-Coil, Outside-Coil Lundell

3. Single-Coil, Outside Coil Lundell

4. Rotating-Coil Lundell (Automotive Type)

5. Inside-Coil, Stationary-Coil Lundell.

Design manuals without computer programs are presented for:

6. Permanent°-Magnet AC Generators

7. Homopolar Inductor AC Generators

8. Disk-Type or Axial Air-Gap Lundell Generator

An equivalent circuit representation of synchronous AC generators is

published with a discussion of its development. ;tb_ _
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THE NEXTREPORT

The next report is the final report, to be issued in October, and it

will consist of two parts. The first part is generator selection cri-

teria and the second part is the electrical design section.

In the first section, the selection criteria, comparison data will be

published. Such data will be weight and physical size comparison,

evaluations of rotor dynamics, suitability of the various types of gen-

erator rotors for use with gas or liquid bearings. Thermal equiva-

lent circuits are to be published in the selection section also.

The second section of the final report will contain the generator design

manuals with the Fortran computer programs and the synchronous

generator equivalent circuits.

An appendix will be published containing the small studies, discussions

and derivations that support the rest of the study.

For each generator design manual, a general approach to the start of

a generator design will be provided. It will be similar to that provided

for permanent magnet generators in this third quarterly report. Beyond

this general approach, the user must select the various design

parameters himself. The user of these programs should have some

familiarity with AC machine design.
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In this, the thix_ quarterly report, Fortr_m computter programs and

design manuals are published for the following AC gener_ors:

I. Two-Coil, Inside-Coil I.amdetI or Becky-Robinson Generator

2. Two-Coil, Outside-Coil IJmdell Generator

3. Single-Coil, Outside-Coil I._ndeU Generator

I 4. Rotating-Coil I._mdelI (Automotive-Type) Generator

I
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5. Inside-Coil, Stationary-Coil, Lundell Generator

Design manuals without computer programs are published for:

6. Permanent-Magnet AC Generators

7. Homopolar Inductor AC Generators

8. Axial Air-Gap Lundell Generators

The last three design manuals are to be programmed in Fortran for

the final report. And, in addition, a program for Induction generators

will be inchlded if time on this contract permits.

Because of the general and widely understood use of the term I.nndell,

all of the generators discussed in this study that have claw-type or

interlocking, f'mger-type poles are called L_mdell generators. To

most engineers, the name _mdeI1 describes the rotor pole arrange-

merit. In this report, there is no other basis for the use of the name.
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NOT____EEO__N_NWINDA____GE CAI_ULATIONS

I In each design manual there is a statement to the effect that there

I is no known satisfactory method of calculating windage. That, of

course, is open to challenge and probably should read "we know

I of no ........ ". The formula given is crude and is only in-

I tended for use in standard air.

I For gases or fluids other than standard air, the fluid density and

I viscosity must be considered. The form'_la given in the manual

can be modified by the factors

I where (o = density- I_bs FT -3

i M.C = viscosity LBS Fr -1 HR -1

• 0765 = density std. air

I .0435 = viscosity Std air

I The above relationship can be arrived at by referring to Shepherd

i "Principles of Turbomachinery", Macmillan Pub. Company. See

page 152. The friction factor for turbulent flow is a function of

1

I -(_. 2 and the loss is a function of (_-_. 2 times a constant

I for a fixed velocity and fixed dimensions. The correction for a

DV _ u
gas other than standard air, since R e = --_ --, wo ld be

I _ ._.Cair__ "2 _u _ .2 /_ .8 / u _ .2

I _air ---- -/ Uair ] or k_ k-_-_9_ J _ _
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A person unfamiliar with electrical machine design would benefit from

a synthesis program that selected the design parameters for the de-

sign program inputs, but the time available on this contract does not

allow its development.
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HOMOPOLAR INDUCTOR, AC GENERATOR

Before 1900 in the young age of electrical power engineering, many

different generator designs were proposed and patented. One of those

old designs, widely used since its conception, is described in U.S.

Patent No. 499446 issued to William Stanley, Jr. and John F. Kelly

in 1893.

The same configuration is now made by every company building homo-

polar inductor AC generators.

The AC generator known as the homopolar inductor is confused in the

literature with a DC generator that is also called a homopolar inductor.

The DC generator is called both a unipolar generator and an acyclic

generator to distinguish it from the AC machine. A paper given by

B. G. Lamme, AIEE Transactions 1912, PP 1811-1835, describes

the development problems of a 2000 KW acyclic (DC) generator. The

acyclic generators are of interest for generating the high direct cur-

rents needed for pumping liquid metals but are not discussed in this

study.
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SMALL HOMOPOLAR INDUCTOR GENERATORI
I
I
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The homopolar inductor, AC generator uses two identical wound stators

and two identical rotor sections to produce AC electrical power.

The magnetic flux from the rotor poles passing through each stator

section and linking the output windings, is unidirectional and pulsating.

I

I

Since the magnetic flux never changes direction in a stator and the

poles of a rotor section are of one polarity, the generator has been

called a homopolar generator (or alike-pole generator).

I



I

I

I

I

I

I

I

I



I
I

I
I

I

I
I

I
I

I
I
I

I

I
I
I

I

I

I

The usual homopolar inductor consists of two identical stators wound

with a common winding, a double rotor having all north poles on one

end and all south poles on the other end, and a field coil enclosed in

the magnetic path formed by the outer shell or yoke, the stators, and

the rotor.

When the field coil is excited and the rotor is rotating, unidirectional

fields of flux cut the windings of each stator in such a manner that

approximately the same voltage is generated in the two stator combined

as would be generated in one stator by a single rotor having both the

north and south poles of the two ends of the homopolar inductor rotor.

In other words, two stators and two rotor ends are electrically and

magnetically accomplishing what one stator and its corresponding rotor

would do in a conventional salient-pole, synchronous, wound-field

generator.

The homopolar inductor alternator has been known and used for approxi-

mately seventy (70) years. During this time it has been used mainly

in industrial applications where size and weight were of little consequence.

One of its uses has been to supply high frequency electrical power for

induction heating of steel products.



Homopolar inductor designs used in industrial applications have poles,

or rotor teeth as they are often called, protruding far out of the shaft

so that only a very small amount of unwanted flux passes from the

shaft to the stator between the poles of a single polarity (on one end

of the stator. )

Recently, the homopolar inductor is being used in airborne and space

applications where size and weight are of primary importance. In

these applications the area of the shaft between the two groups of poles

of opposite polarities directly limits the maximum output of the machine.

In these minimum weight designs, the shaft is the largest diameter

practicable and the poles or rotor teeth do not protrude far from the

shaft. The unwanted flux passing from the shaft to the stator in the

region between poles of like polarity is significant. It is of the order

of several percent in a practical, useable design. This unwanted flux

generates a voltage opposite to the output voltage in the output windings

and reduces the output of the machine.
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View showing a conventional four-pole, homopolar

inductor rotor with approximately the proportions

that might be used for maximum, output
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View of the rotor shown at the top of the page after

removal of excess metal to improve the output of

the generator
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Advantages of the homopolar inductor generator for use in space power

systems are:

1. It is simple in design and inherently reliable.

t The homopolar rotor has high strength and can be used

fnr high rotatio_n_a! speeds if bearing problems permit.

0 At lower speeds tl_e rotors can be laminated to remove

the output limits imposed by pole-face losses.

Disadvantages of the machine for the same applications are:

. It is a heavy machine -- the heaviest of all of the AC

generators if compared at the same rpm.

o Stator protection problems are compounded by the two

stators when used in a hostile environment.

l he solid pole faces limit the output unless the poles

are treated to reduce the pole-face losses.

. The long, double rotor is sometimes not as stiff as de-

sirable for high-speed applications where fluid or gas

bearings are used.
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NOTICE

The design procedure given here has not been checked yet. For

the final report a design calculation will be compared against

test data and the errors in procedure, etc., will be corrected.

The numbers and general arrangement for a computer program

are used and the program will be in the final report.



2 ;_K)MOPOLAR INDUCTOR A-C GENERATOR _

Volts Amps • Ph.

Date,,,

.Cycles RI_4
I

I

STATOR

PUNCHING I. D.

PUNCHING O. D.

CORE LENGTH

DBS x 2

SLOTS

SIZE SLOTS

CARTER COEFF.

TYPE WDG.

THROW

SKEW & DIST.FACT.

CHORD FACT

COND. PER SLOT

TOTAL EFF. COND.

COND. SIZE

COND. AREA

CURRENT DENSITY

WDG. CONST.

TOTAL FLUX

GAP AREA

GAP DENSITY

POLE CONST.

FLUX PER POLE

C[

TOOTH PITCH

TOOTH DENSITY

CORE DENSITY

GRADEOF IRON

½ MEAN TURN

RES. PER PH., __

EDDY FACT. TOP

EDDY FACT. BOT.

DEMAG. FACT. Cm Cq

AMP. COND. PER IN.

REACT. FACTOR

COND. PERM.

END PERM.

LEAKAGE REACT.

AIR'GAP PERM.

REACT. OF ARM Xad Xaq

t'fl".OF COPPER

W'I'.OF IRON

1
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I
V
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SLOT

i Fteld turns

COND. SIZE

COND. AREA

MEAN TURN

RES. 0

% LOAD

AMPS.

VOLTS

AMP_/_ 2

FIELD LEAK. REACT.

FIELD SELFINDUCT.

DAMP, LEAK. XOd XDq
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I
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ROTOR

SINGLEGAP .. Ge

ROTORDIAMETER

PERIPHERALSPEED

POLEPITCH o<"

POLEAREA

POLEDENSITY

GRADEOF IRON

REACT-TIME CONST.

SYNCH. Xd

UNSATTRANS.

SAT.TRANS.

SUBTRANS.X_

NEG.SEQUENCE

ZEROSEQUENCE

OPENCIRC.TIME CON.

ARMTIMECON.

TRANS.TIMECON.

SUBTRANS.TIMECON.

Xq

f i

I,.O$$ES-EF F|CI EHCY

%LOAD

F&W

STA.TEETH

STA.CORE

pQLEFACE

D_MPER

STA12R

FrillY

ROT.12R

& t nssl:s

RATING

RTG+LOSS

3
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(a)Ope_ Slots (b) Constant Slot Width |
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(C) Constant Tooth Width (,d_)Round Slots I
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VALUES OF Kdn FOR INTEGRAL-SLOT, 3+ WINDINGS - TABLE 2 I
k'dlfl.-(-(A#_bM(l_mq(c DI,SlrRISUrfoM F'A_TOR,S.

_,= a. 3 4- S (_ 7 8 q to oo

I •ct_6 .Cl&o .q_8 .q57 .qs? ._7 .q_6 .q'3; .955 .cir_

3 .707 .6(,7 .(,s'¢. ._4(, .644 .6¢/ . (,4o .g39 .6_;

S

7

?

II

,3

15"

• 2S'?

1"7

-. 2,5q

- .707

- •966

-- io9_6

- • 707

•2t7

- .177

-. 333

- . 177

.Ze7

•960

• 2o_"

- . is9

- . 2.70

- . la6

• Iz6

- , 33.3

.27o

• 158

• 20o

27

- , 14q

-. 2q7

- .imo

• IO2

• 2oo

• ioz

• FIT

-. 145

-. Z36

• ogz

./7_

. o8_

- .14_]

- .097

• 158

.07_

• iq4
- ./41

--. 2Z_

-. o9_;

• 083

, .070

-. od;(,

• tf4.

-. 14o

- .2.2Z

-. of 3

•. 081

• 14'J

" =I . 066

• _93

-, 040

• 07</

• 141

•064.

-. o_o

.19o

- . 136

.o73

._z7

.o_

- .05_ICl //60 - . zor - .11o -.OWl: - .OTZ '- .o6z

Zl 307 .(_67 - .65"4 - .247 - ,/72. - ./43 -./z7 - .118 - ./iz _ .oc/o

23 .966 .z_7 - .9s8 - ./4_ - .OqZ - .07z - .063 - .0S7 - .0S4 - .o,¢/

25 .cjg6 - .1_77 - . q$8 .2_ ./o2. . o7_ .0_3 .0_ .o_z .038

•707 - ._54- . _q6 . za_ .05"8 • 0Z7 .//0 ./ol .071

•o8{,- . 177 • o..¢_

- .o$7• _¢7

• 2F9 • _,4.s

-. 0f7

- . 2o5" •q57

.9s'7

• 05"0

-- ,OS'O

.o66

- 071o•/5831 - .zs9 -. 097

• o_3

-. 030

I

3_ - .7o_ .667 .ZTo .6¢6 -,6¢4 -.zz9 - .0_o -._18 -._o_ -.o_8

_" - .9(,6 ._6o ._z6 .zoo - .957 -, oq3 -.o8_ -.o6z - .es'z - .oz7

- .966 ._6o - ._z6 - ._49 - ,q_7 . Iq$ .oq_ . o6_ , OSqz . oz637

3'f

41

- . 707

57

-. z,s_

._7

.2_7

- .27o

• 667

- . 058

- .247

- .010

- .6'H

- .t97

, g4z .ZZ_"

,14t

.04_

• 08/

.102

- .06o

- .064

. o,/q
• oz$

4J . Z.,cq - . 177 .2o$ . IOZ .14(_ .95"/ - ,Iq4 - .Oq3 - ,Ozz

45 .707 - . 333 .6_4 . zoo ,2_1_ ._.Z - .&4-1 - .:'ZZ - . 141 - .o_2

47 ,f_;(, -. 177 .'_58 , OoZ . IOZ. . Iq_" -. 956 -- , 14o - ,.d?_ - . OZO

_.q .q66 .2_7 .958 - .0/0 - .09z "" .143 - .q$6 .174 ,oqz .O/q

51 .7o7 .6_;7 .6._ - . Z47 - .eTz - .zzq ., ,64t .64o .z2o .038

53 .z_q .q6o .2o_ ,-, 149 -.084 - .of7 - ,094 ,9s5 ,040 ,018

5S - , 1;_ .9._0 - • 1_8 .200 .084 . o86 . O4t ,clSS -- .lldt_

" .7o7 - , 270 , _4_ .05"8 ,2z_ . (_10 -. 6 3_.t7z

• OC/Z - .9_SSq - .q66 .2t7 -. /z6 ,q$7 .oTS .of_" , t94

61 -.q66 - .t77 .tz_; -?$7 - .toZ -.o7z - .o_3 - .t4o -,955

- .7o7 -.333 .Z7O .64(, - .2_16 - .043 -.t$O - .22Z - .6_

-.2SY - .;77 ".Zoo -,145 - .o7z - .o7o - .o93 - .IC/3•/s8

- .or7

- .o_3

-. ol6

• 016

• 030

.Ot_



ROUND WIRE TABLE 3

A_eJq "n'/teoo°

" _ Z_°C

.OOOOtq6 42_

• 0056 .00002¥6

COPPER

!5,N6_e t4e,_vy

_/lO001

36 .0050 . 0056 .0040 .0797

39

•0063 .ooo03_Z

• 0o7! . oooo3qG

3_

938

266

210

165

33

.0o¢z

.0070

• 0o79

•008832 • 0080 . 0000903

31 • 008q .0ooo622 13,4 i" 0097

30 .0 Jo 0 .0000785 106 .0/08

zq •OIt3 .o0o,oo 83.1 .o_2z

66.'4

526

/41.7

28 •OIz6 .000/25

Z7

Z6

2O.7

•01Sz• 0_qz .0oo_58

.0/69

.O066

• O0714

.oo8_

• ooq_

.0 Ioq

•Olll

0238

.0/30

.09'4 9

• 1201

• tS26

• /q37

.015q .ooolgg

.23q8

.0/16 .o_2 .3025 .Ol3Z .0/52

.0_3o .0156 .3866 .0_95 •0/65"

.O00,+oJ

, Ol_'-f

,0_61

.0_79

25 .otTq .ooo25z 33.0 .o,qo .o2o0

2@ . OZOI .000317 26.Z o2_3 .oz_5

23

16/+

.OZ2 6

Z2 .025H

2_ .o28_

.o,6q

•0¢86

• ozo3

• OZzW

•O263

.o289

.0317

.03gq

•000_07 .0266

.ozqq13.0

.024q

.0277

. _806

.6_o/

.76_0

.970

|. 2_- 3

1.5'46

1.937

.ooo638

.OIg8

.O/7_+

.OIq!

.0ZI_

.0251

• 0276

• o 303

.0335.03/0

.017_

• oJq'+

.0211

.023/

• . 0276

.03o_

• o_z 8

•0360

20 .0320 .00o8o4 10.3 .o3Jg. .03_6 . o389. 3.0qq .0370 .0395"

Iq .0360 .O010Z _.lq ,037,4 .0_86 . oqz'-t 3. q00 . O'+oq .093_

18 . o,_o3 .OO_Z6 6._9 . o_,8 .o_3_ .0_68 4.q,_ .o_3

17 .0'45.?, .00159 S.Z2

16

I'+

.0508 .00_0'4

• 057/

. O&'4/

.01.1-78

.0969 ,o,48z .05/q 6.2/3 .oso3 .05"28

.0F38

.06o2

.0673

.0521+ 7.9/z

q.g7

I2.q_

/s'. 69

Iq.76

.077_

.0808

. o _88

.06Fq

•07_8

.0827

.0793

• 0 _'7 _- .O_S_

.062_

.o69_

• 0770

•0898

13

q.07

.o639

.0710

• o789

•0877•08_1

. tzo,+ !

12.

• 0983

.O0_J5 3120

• 00322 2. S8

• 00q07 2.014

.OOS_S 1.6/

• 00650 I. Z8

•008_7 I.OZ

.o_oz .8_tF

.oJBi .63,4

•0163 .510

.ozo6 ._o3

.o26o .3_q

•O']Z7 .25'+

.OqlZ .ZoZ

.O523 . I_q

.o8_o .too

.log .07q!

.06'_6

• 07_6

.0795"

.o883

L II .0907 .OgZ7 .09'.+Z .0977 z_.qo .0957 .oqgz

I0 . _oz .1039 .105_ .1089 3/.'43 .to6q .10914

.116_i .1181 .122_" 3q.62 .125'-t

.13_49.1_25.13o68 4_.98.1366 • I_Cl5

7 .i.,4 .tuGs .i_82 .1529 6_03 ./_o3 ./[_3

6 ./62 .164_ .i_61 •17o3 79.qq .1680 .1730

5" . _82 .18_2 .18_,! .19oz mo.z .187q . tqz9

.2_o3• 20'+

3

0

;-/o

_/o

.22_

.Z_8

I_q.3

2oo.q

._60

.2/Y3



CURVE 1

L7

_j

g Z_,

K
,5

_F

f,%

I

r,l

%

I............. ÷ ..... _ ---T .......... 7"- ....... I ...... ,'!-....... 1

i i i ! ! iz_
I i , : !

' _ 'q )

........... :.... [ .... i ! . .
i

o / 2_ _ z/._ S _ 7
Coil S_'_N mr *)_lq-,.SmP, /NCHT-_ _51 =s)

i i i

i

i

i

, ,. j

P

I

I

l

l
I
I

I

I

.t . . ..... ,........
i /// " V,er-sus; Pole ._itch.

_[. ///.// . ..... ,From E. C. _arn_s ]
/ An Experirmental Study of Machine

I / .. End Turn Reactance ! i

, I-- _" : - - ._a_E'_,._s._vol.._0 i.,_i ,
| _ ,, _p_1-_9. ! .. i : !

o L__..............i ...........__.........',....... _3..........] ........_ i i _ l
C A. H.- G _. Ic, /:,: I¢ t_ /B

_£__) i_,ilZ *"k TC,'-I _)r z),','f_-G.')/_ ) z /v'C_l_,.S-

I
I
!

I

I
!

I

I



!

I

I

I

T

.# ._ T

i I



I0

CUF_VE-3

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



i , I i
r !.....

:_0

I •05 .I0 • 15 .20 .2,5 .50 .55 .40 .45
POLE EMBRACE

G MAX.

I_ MIN.

11

.50 .55 .60 .65 .70

i.20

1.00



m

C

LI 0

2 =
i',-_

o>.<-
J

O ,.+

12

o;;



I

I

I
I

I
I

NO-LOAD DAMPER LOSS

I

I

!

i
I

-i

,o

1o

From E. I. Pollard "Calculation of No-Load Damper Winding Loss in Synchronous

Machines", AIEE Vol. 51) 1932, pp 477-81o
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__o_

Calculation
Location

(78)

(46)

(89)

(85)

(20)

Symbol Explanation

A

a
c

acf

a
P

B

Ampere conductors per inch of stator
periphery

Strand area (stator)

Field conductor area

Pole area

Density

I
I

I
I

I
(128)

(125)

(14o)

(163)

(127)

(89)

B c

B
g

B
P

Core density

Gap density

Pole density no load

Bpl Pole density fullload I

B T Tooth density

bbo Width of slot opening (damper) I

(89) bbl Width of rectangular slot (damper) I

('/6) bh Pole head width

(22) b o Width of slot opening (stator) I

(76) bp Pole body width I

(22) b s Stator slot dimension per Fig. 1 I

(15) bv Width of duct

(22) bl "_ I

(22) b 2 _ Stator slot dimensions per Fig. 1 !
J(22) b 3

I



I

I

i

I

I

I
I

I

I
I
I

I
I

I
I
I

I

I
I

Calculation
Location

(74)

(73)

(7_)

(72)

(7!)

(32)

(12)

(11)

(3_)

(3)

(145)

(168)

,'4)

55)

C56)

(130)

(131)

(165)

(142)

(141)

(164)

(186)

Symbol

C
m

C
P

Cq

C
W

C 1

C

D

d

db
t.£

r

E

E F

EFFL

EpH

EFto p

EFbo t

F c

F
g

FF L

FNL

_p
FpL

F
SC

Explanation

Demagnetizing factor

Average/maximum field form

Cross magnetization factor

Winding constant

.Ratio max. to fund.

Parallel circuits

Stator outside diameter

Stator inside diameter

Diameter of bender pin

.......- -- "_ -'- _mete_-JL't,U E,U£" U U.L;_£UlL_

Line volts

Field volts no load

Field volts full load

Phase volts

Eddy factor top

Eddy factor bottom

Stator core ampere turns

Air gap ampere turns

Total ampere turns full load

Total ampere turns no load

Pole ampere turns at no load

Pole ampere turns at full load

Short circuit ampere turns

23
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Catculation
Location '

(129)

(147)

(5a)

(69)

(59a)

(22)

(22)

(22)

(22)

(22)

(22)

(22)

(22)

(89)

(89)

(24)

(76)

(37)

(36)

(8)

(166)

!

SymboI Explanation
I

F t

F&W

f

Stator tooth ampere turns

Friction and windage

Frequency

I

!

ge Effective air gap I

gmax Maximum air gap

h-_ |
O

h 1

h2

h 3

h
S

h t

h
W

J

Stator slot dimension

!

I

i
I

I

hbl

h
C

Height of slot opening

Rectangular bar thickness

Depth below slot

!

I

hst
t

hst

IpH

IFFL

|
Uninsulated strand height |

Distance between center line of strand |
I

Phase current

Field amperes at full load ]



I

I

I
I

I

I
I

I
I

I
I
I

I

I
I

I
I

I

!

Calculation

Location

(143)

(146)

(158)

(9a)

(43)

(i8)

(44)

(67)

(42)

(2)

(151)

(19)

(48)

(113)

(13)

(93)

(136)

(76)

(76)

(17)

(49)

(ioo)

(5)

Symbol

IFNL

I2RF

12Rs

Kc

K d

K i

Kp

Ks

KSK

KVA

K1

k

L E

LF

re2

Pn

_t

)_tr

m

Explanation

Field amperes at no load

Field loss

Stator copper loss

Adjustment factor

Distribution factor

Stacking factor

Pitch factor

Carter coefficient

Skew factor

Machine rating

Pole face loss factor

Watts per lb.

End extension one turn

Field self inductance

Gross core length

Damper bar length

Coil extension straight portion

Pole head length

Pole body length

Solid core length

1/2 mean turn

Mean length of field turns

Number of phases

25
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Calculation

Location

(34)

(92)

(45)

(99)

(30)

(14)

(9)

(6)

(23)

.(53)

(54)

(107)

(lO8)

(137)

(47)

(144)

(133)

(134)

(135)

(132)

(149)

(172)

Symbol

Ns t

%

n
e

n
P

n
S

n
v

P.F.

P

Q

%h (cold)

%h (hot)

RF (cold)

Rf (hot)

SCR

S
S

sf

T a
f

T d

T d
!

Td o

W c

WDFL

Explanation

Strands per conductor

Number of damper bars

Effective conductors

Number of field turns

Conductor per slot

Number of ducts

Power factor

Number of poles

Number of slots

Stator resistance at 20°C

Stator resistance at X °C

Field resistance at 20°C

Field resistance at X °C

Short circuit ratio

Stator current density

Field current density

Armature time constant

Transient time constant

Subtransient time constant

Open circuit time constant

Stator core loss

Damper loss at full load

I

I

I
I

I

I
I
I

I
I

I
I

I
I

I

I
I
I

I
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i

!

I

i

i

I

I

I

I

I

I

I

!

I

!

I

!

!

Calculation
Location

(157)

(171)

(15o)

(170)

(148)

(98a)

(79)

(81)

(82)

(83)

(119)

(120)

(115)

(117)

(118)

(112)

(80)

(84)

(121)

(123)

(122)

(96)

Symbol

WDNL

WpFL

WpNL

WTFL

WTNL

V
r

X

Xad

Xaq

X d
!

X d
W

X d

XDd

XDq
!

Xdu

Xf

Xt

Xq

Xq

X o

X 2

X D °C

Explanation

Damper loss at no load

Pole face losses at full load

Pole face loss at no load

Stator tooth loss at full load

Stator tooth loss at no load

Peripheral speed of rotor

Reactance factor

Reactance direct axis

Reactance quadrature axis

Synchronous reactance direct axis

Stator transient reactance

Subtransient reactance direct axis

Leakage reactance direct axis

Leakage reactance quadrature axis

Unsaturated transient reactance

Field leakage reactance

Leakage

Synchronous reactance quadrature axis

Subtransient reactance quadrature axis

Zero sequence reactance

Negative sequence reactance

Expected damper bar °C

27
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Calculation
Location

(103)

(50)

(95)

(51)

(104)

(138)

(160)

(126)

(139)

(162)

(124)

(94)

(41)

(26)

(27)

(40)

(70)

(63)

(86)

(62)

(88)

(87)

Symbol

X F °C

X S °C

_°D

_S

JoF

cW

Cp

OpT

0PTL

0T

Tb

%

_s

"f's 1/3

"T_sk

7- E

_eL

s_

_t_

Explanation

Expected field temp. in °C

Expected temp. stator in °C

Resistivity of damper bar at 20°C

Resistivity of stator cond at 20 °C

Resistivity of field conductor

Leakage flux at no load

Leakage flux at full load

Flux per pole

Total flux per pole at no load

Total flux per pole at full load

Total flux

Damper bar pitch

Pole pitch

Slot pitch

Slot pitch 1/3 distance from
narrowest point

Stator slot skew

Air gap permeance

End permeance

Pole end leakage permeance

Stator conductor permeance

Pole side leakage permeance

Pole tip leakage permeance

I

I

I
I

i
i

I
I

I
I

I
I
I
I

I

I
I

I

I



I

i

I

I

I

I

I

II

i

!

I

I

!
I

I
I

i
I

(1) _Q

(2) EVA

(3) E

(4) EpH

(5) m

(5a) f

(6) P

(7) P,PM

(8) IpH

(9) P.F.

(9a) K c

(10) --

HOMOPOLAR INDUCTOR, A. C. GENERATOR
29

DESIGN NUMBER - To be used for filing purposes

GENERATOR KVA

LINE VOLTS

¥
PHASE VOLTS - For 3 phase, _connected _enerator

(Line Volts) _ (3)

For 3 phase,_connected generator

EpH = (Line Volts) = (3)

PHASES - Number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In revolutions per rr,mute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR- When P.F. = 0. to .95 set K c

whenP.F. =.95to I. setK c= 1.05

=I.;

LOAD POINTS - The computer program is set up to have the

0.go, 100_, 150%, 200% load points as standard out-

puts. There is an additional space available on the

_mtput sheet for one optional load point. This optional

I



3O

(n)

(na)

(12)

(13)

(14)

(15)

(16)

d

dr

D

n V

Ki

load point will be the designer's choice and can

be selected anywhere in the range of 0 to 200%

load. When an optional load calculation is re-

quired, insert the per unit load value on the in-

put sheet. The optional load point will be cal-

culated in addition to the standard points listed

above. For example, insert . 33 on the input

sheet when the optional load calculation for 33%

load is required in addition to the standard

points.

If only the standard points aL'e required, insert

0.0 on the input sheet and the optional load column

will be blank.

STATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches.

ROTOR O.D.- The outside diameter of the rotor in inches.

PUNCHING O.D. - The outside diameter of the stator punch-

ing in inches.

GROSS STATOR CORE LENGTH - In inches.

RADIAL DUCTS - Number of.

RADIAL DUCT WIDTH - In inches.

STACKING FACTOR - This factor allows for the coating

(core plating) on the punchings, the burrs due to

slotting, and the deviations in flatness. Approxi

mate values of K i are given in Table IV.

I

I
I

I

I
I

I

I
I
I

I
I

I
I

I

I
I
I

I



I

I

II

I

i

I

I

I

I

i

I

I

I

I

I

I

I

II

II

(17)

(18)

Z

31

THICKNESS OF

LAMINATIONS

(INCHES) GAGE Ki

• 014 29 O. 92

• 018 26 O. 93

• 025 24 O. 95

• 028 23 O. 9 7

• 063 -- O. 98

• 125 -- O. 99

TABLE W

SOLID CORE LENGTH - The solid length is the gross length

times the stacking factor. If ventilating ducts are

used, their length must be subtracted from the

gross length also.

A - (Ki))cd- (nv) (by) - (16) (13) - (14) (15)

MATERIAL - This input is used in selecting the proper mag-

netization curves for stator, yoke, pole, and shaft;

when different materials are used. Separate spaces

are provided on the input sheet for each section men-

tioned above• Where curves are available on card

decks, use the proper identifying code. Where card

decks are not available submit data in the following

manner:

The magnetization curve must be available on semi-

log paper. Typical curves are shown in this manual

on Curves 15 and 16. Draw straight line segments

through the curve starting with zero density• Re-

cord the coordinates of the points where the



82

(19)

(20)

k

B

straight line segments intersect. Submit these

coordinates as input data for the magnetization

curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample

-r-I
r-4

o

o_

(D

60

50

40

3O

2O

I0

Max.
Point

Straight Line
Segment

:tion of

ght Line
Segments

Straight Line
Segment

3
4
5
6
7
8

Ampere Turns Per Inch

Sample
Input Data

Density NI

55 Max.
0 0

l0 !. 5
27 1.9
32 2.5
40 4.9
48 9.0
55 i2.0

WATTS/LB - Core loss per lb of stator lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to th_ density used

in Item (19) to pick the watts/lb. The density that

is usually used is 77.4 kilolines/in 2.

I

I
I
I

I

I

I
I
I

I
I
I
I

I

I

I
I
I
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I

I
I

I

I

I
!
i

I
I
I
I

I
I
i

I

!
I

(21)

(22)

(23)

(24)

1

2

3

4

5

%

b 1

b2

b3

bs

ho

hl

h2

h3

hs

ht

r_

Q

hc

33

TYPE OF STATOR SLOT - Refer to Figure i, Page

for type of slot.

For (a) slot use I. as an input

For (b) slot use 2. as an input

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situ-

ation for an open slot where the winding has only

one conductor per slot.

ALL SLOT DIMENSIONS - Given in inches per Figure 1,

Page . Where the dimension does not apply

to the slot being used, insert 0. on input sheet.

bl 4-b3 (22) _ (22)

bs- 2 - 2

STATOR SLOTS - Number of

DEPTH BELOW SLOTS - The depth of the stator core below

the slots.
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(25)

(26)

(27)

(28)

(29)

q

TS

tsi/3

Due to mechanical strength reasons, h c should

never be less than 70% of hs.

2 2

SLOTS PER POLE PER PHASE

___ = (23)q -- ( (,_) t_)

STATOR SLOT PITCH

_s = 7r(d) = _r(ll)
Q

STATOR SLOT PITCH - 1/3 distance up from narrcwe_. ....:..-

tion. For slot (a), (b_ (c), and (e)

(Q) (23)

For slot (d)
"l

_L(d)+ 2(h0)+ 32(bs)J=I.

(@

_r[(ll)+ 2(22)+ 1.32(22)_
(23)

TYPE OF WINDING -Record whether the connection is "wye"

of "delta". For "wye" corm use 1. for input. For

"delta" use 0. for input.

TYPE OF COIL - Record whether random wound or formed

coils are used. For random wound coils use 0.

for input. For formed coils use 1." for input.

I
i
I

I

I
I

I
I

I
I

I
I
I

I

I
I

I
I
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

(30)

(31)

(31a)

(32)

(33)

(34)

ns

¥

C

NST

35

CONDUCTORS PER SLOT - The actual number of conductors

per slot. For random wound coils use a space

factor of 75% to 80%. Where space factor is the

percent of the total slot area that is available for

insulated conductors after all other insulation areas

have been subtracted out.

THROW - Number of slots spanned. For example, with a

coil side in slot i and the other coil side in slot

10, the throw is 9.

PER UNIT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a pole

pitch. This value must be between I. 0 and 0.5 to

satisfy the limits of this program.

= (y) (31)

(m) (q) _- [5)(25)

PARALLEL PATHS, No. of - Number of parallel circuits

per phase.

STRAND DIA. OR WIDTH - In inches. For round wire, use

strand diameter. For rectangular wire, use strand

width. This must be the largest of the two dimen-

sions given for a ractangular wire.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a

more flexible conductor and reduce eddy current

loss, a stranded conductor is often used. For

I
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(34a)

(35)

(36)

(37)

(38)

NrST

db

-_e2

_ST

!

h ST

example, when the space available for one conductor

is .250 width x .250 depth, the actual conductor can

be made up of 2 or 3 strands in depth as shown

one I}
For a more detailed explanation refer to section

titled "Effective Resistance and Eddy Factor" in

the Derivations in Appendix.

NUMBER OF STRANDS PER CONDUCTOR - This humbler

applies to the strands in depth and/or wid:.h :_--_:

is used in calculating the conductor area. Tten_

(34) is different in that it deals with strands in

depth only and is used in calculating eddy factors.

DIAMETER OF BENDER PLN -in inches - This pin is used

in forming coils. Use .25 inch for stator O.D.<. 8
inches use .50 inches for stator O.D.Y 8 inches.

COIL EXTENSION BEYOND CORE in Inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in Inches - This

value is the vertical height of the strand and is

used in eddy factor calculations. Set this value =

0 for round wire.

DISTANCE BETWEEN CENTERLINES OF STR/_IDS IN DEPTH

in inches.

I

I
I

I
I

I

I
I

I
I
I

I
I

I

I
I
I

I

I



(39)

_4n_

(41)

(42)

(42a)

(43)

%K

%

K

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire insert

0. on input sheet. This must be the narrowest

dimension of the two dimensions given for a

rectangular wire.

SKEW - Stator slot skew in inches at stator I.D.

POLE PITCH in inches.

'_-: _'(d) - _r(n)
(P) (6)

SKEW FACTOR - The skew factor is the ratio of the volt-

age induced in the coils to the voltage that would

be induced if there were no skew.

When _]_SK = 0, KSK = 1

•
KSK-- 77(_SK )

 -rgr
PHASE BELT ANGLE - Input

For phase belt angle = 60 ° insert 60 on input

sheet.

For phase belt angle = 120 ° insert 120 on input

sheet.

DISTRIBUTION FACTOR - The distribution factor is the

ratio of the voltage induced in the coils to the

voltage that would be induced if the windings

3',
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were concentrated in a single slot. See Table 2

for compilation of distribution factors for the

various harmonics.

For 60° phase belt angle and q = integer when

(42a) = 60 and (25) = integer.

Kd =
Sin 30 ° = Sin 30 °

(q)s_3O/(q)] (25) Sin _0/(25)-]

For 60 ° phase belt angle and (q)_integer = N/B

reduced to lowest terms.

When (43a) = 1 and (25)_ integer _N/B _'ec,,c_'' --:,_:_':

to lowest terms

Sin 30 °

gd = (N) Sin__0"N"7[_/t )]

Sin 30°

(43) Sin _30/(43)]

For l_.O° phase belt angle and (q) = integer

When (43a) = 120 and (25) = integer

Kd = Sin 60 ° = Sin 60 °

2(q) Sin [30/(q)] 2(25) Sin _30/(25)]

For 120 ° phase belt angle and q _ integer

When (43a) = 120 and (25)_ integer = N/B re-

duced to lowest terms

K d = Sin 60 ° = Sin 60 °

2(N) Sin [30/(N)] 2(43) Sin [30/.(43)]

I

I

I

I

I

I

I

t

I

I

I

I

I

I
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(44)

fA_%

V.,_ I

(46)

Kp

"e

a c

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil• See Table 1 for compilation of the pitch factors

for the various harmonics.

= sinr(Y) x90°_= sin__x90 °]Kp h_ __

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-

ing for the distribution factor.

(Q)(ns) (KP) (KsK) (23)(30)(44)(42)

ne = (C) - (32)

CONDUCTOR AREA OF STATOR WINDING in (inches) 2 -

The actual area of the conductor taking into account

the corner radius on square and rectangular wire.

See the following table for typical values of corner

radii

If (39) - 0 then a c = . 25_(Dia) 2 : . 25_(33) 2

If (39) / 0 then a c = (N'ST)_(strand width) (strand

depth)- (.858 rc2_ = (34a)_(33)(39) - (.858rc2 _

where .858 rc 2 is obtained from Table V below.

(33) . 188 • 189 (33) .75 (33) . 751

000124 .000124

• 072 000124 .000124

• 125 .000124

• 165
.225

•000124
•000210
•000210
•000840
•001890

00084
00084
00189

00335
00754
03020

• 438

• 688

• 003350
.003350
• 007540
.01340

• 03020

TABLE V
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(47)

(48)

(49)

(50)

Ss

LE

_t

O_

Xs

I

CURREN________TDENSIT___Y -Amperes per square inch of stator I

conductor I

SS = (IpH) = (8)

(C)(ac) (32)(46) I

END EXTENSION LENGTH in inches - Can be an input or I

output.
m

For L E to be output, insert 0. on input sheet.

For LE to be input, calculate per following:
g

When (29) = 0. then:

L E = .5 + T'i_)L_a/'_ns;-: = .5+11.5 If (6) = 41_(31)L(11)+(22) I
....... _.7 If (6) 43 J

Q - -- (2-3-_ I
II

When (29) = 1. then:

q ;r', 7 I
1 I i s

I I
L_ J '_s - s _A

=2

1/2 MEAN TURN - The average length of one conductor in

inches.

_t = (_) + (LE) = (13) + (44)

STATOR TEMP °C - Input temp at which F.L. losses will

be calculated. No load losses and cold resistance

will be calculated at 20°C.
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(51)

(52_

(53)

(54)

(55)

Ps

hot)

RSPH

(cold)

RSPH

(hot)

EF

(top)
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RESISTMTY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm -inches.

D ohm-cix

/ ohm -cm ohm -in mil/ft

i ohm-cm =

I ol_..'n-in =

1 ohm-cir mil/ft =

1. 000

2. 540

1.662 x 10 -7

0.3937

1. 000

6.545 x 10 -8

6.015 x 106

1.528 x 107

1.000

TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING -Ilot at Xs°C

inches

°C) + 234.5--]_

Ps(bot)--(4)L ' 254.5 _j- (51)
50) + 234.5]

254.5 ]

STATOR RESISTANCE/PHASE - Cold @

(_s)(ns)(Q)(_t)

RsPH(cold ) = (m)(ac)(C) 2

in micro ohm-

20°C in ohms

x 10-6 - (51)(30)(23)(49) xl_ _

(5)(46)(32)2

STATOR RESISTANCE/PHASE -Calculated @ X°C in ohms

RSPH(hot) =
(_s hot)(ns )(-Q)(_t )

(m)(ac)(C)2

x 10-6(5__2)(30)(23)(49)

(5)(46)(32) 2

EDDY FACTOR TOP - The eddy factor of the top coil. Cal-

culate this value at the expected operating tem-

perature of the machine. For round wire

EFto p = l

I
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(56)

(57)

EF
(bot)

btm

I

( I _ - l_l--h:t_-]21 I-I/h.--_1 ;" I

I
_)(&_ot]

I
t(34)[: !!1(38)(_3)D_ _o-3

-'+I L.o I
i(37)(30)(5a)(46_

I

I
EDDY FACTOR E_ __,_G;%_ - ,__e ......_:, ...........

coil at the e_ec.*.e6 ,_,;er_::L_nff te:npera.ture of _:l_._

ro.a.chine, For '"_"_ EVFO!_,_,.. ;.Y}?':=_ , ..... =: ]
khot

.... -2 2
_-s..)(ns)(f'(ac) I

! x i0-°
(bs)(PS hot) t

_ --.3

l(r-(37)(30)(5a)(4_6]i0_3
= (55)- 1.677 _(_-_2) _j

I
I

I
I

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

•For slots type (a), (b), (d) and (e), Figure I

+ (h -n
_ + (2_

"tin (Q) (bs) = - (22)
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I

(57a)

(58)

bt 1/3

bt

43

STATOR TOOTH WIDTH 1/3 distance up from narrowest section

For slots type (a), (b) and (e)

bt 1/3 = (qss1/3) - (bs) = (27) - (22)

For slottype (c)

bt 1/3 = btm = (57)

For slottype (d)

bt 1/3 = (q_1/3) 2_/_3 (bs) = (27) - .94(22)

TOOTH WIDTH AT STATOR I.D. in inches -

For partially closed slot

If(d) //'ill) _ (22)
bt = _ - b 0 =

For open slot

7T(d)b t = -(_- b s = - (22)
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(59)

(59a)

(60)

(61)

(62)

groin

gmax

C x

Kx

I

MINIMU____.....MMAI____RRGA___PPin inches - For concentric pole face I

gmin = gmax" For non concentric pole face

gmin = gap at the center of the pole. •

MAXIMUM AIR GAP in inches I

REDUC______T!ON FACTOR - Used in calculating conductor permeance I

and is dependent on the pitch and distribution factor. _
This factor c,m be obtained from Graph 1 with an as- I

sumed K d of . 955 or calculated as shown I

C (KX) (61) m

X (Kp) 2 (Kd)2 (44)2 (43)2 U

I

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current in I

coil sides in same slot I

KX=I__+ 1 1 For 3 phase i

=_- +

(Y)
KX = (m)(q) For 2 phase

(31)

(5)(25)

NOTE: See special case for (e) slot. Refer to calcu-

lation (62)

CONDUCTOR PERMEANCE - The specific permeance for the

portion of the stator current that is embedded in the

iron. This permeance depends upon the configuration

of the slot.

I

I
I

I
I

I
I



I
I

I
I

I

I
I

I

I

I
I

I

I
I

I
I

45

(a) For open slots

_(___ (hl)16(Vs)(g)0_t)2"(%)350t_

20 _ (22) (58)2 35(5_-_/_i = (60) (5)(25) +3--_ + 16(26)(59) +" (26)_

(b) For partially closed slots with constant slot width

2(h t) (hw) (h 1) (bt)2

+ (bo) + (bs) + _T + 3-_ + 16(Ts)(g)+

.35(b t)

2O
/_i (60) I_= (5)(25)

C_"
2(22)+ (22)+ (22) +

(22) (58) 2 .35(58)

+ _ + 16(26)(59) + (26)

(d) For round slots

20 _.62 +__"Ai = (Cx) (m)(q)

/ki (60) 20 _" __-- _ 62+

(e) For open slots with a winding of one conductor per slot

20 _2 ) (hl) (g)

__-(Cx)__- _+3-_+.6+2-_

20 _22)
_i = (60)(sT(_I_.(-_ (22) (59) __+ 3--_ + .6 + 2--_ +

c x)

(Kx) = 1
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(63)

(64)

(65)

(66)

(67)

_E

K S

I

LEAKAGE REACTIVE FACTO________Rfor end turn I

Calculated value (L E)

KE = Value (LE) from Graph 1 (For machines where (11)>8") I

where L s = (48) and abscisa of Graph 1 = (Y)(_s) = (31)(26) I

_alculated value of (LE) (For machines where (11)<8") I

"'E _Value (LE) from Graph 1

END WINDING PERMEANCE - The specific perm:ance for the I

end extension portion of the stator winaing I

The term E 2n ] is obtained from Graph 1.

The symbols used in this (term) do not apply to those

of this design manual. Reference information for the

symbol origin is included on Graph 1.

WEIGHT OF COPPER - The weight of stator copper in lbs.

#'s copper = . 321(ns)(Q)(ac)(f*)_v_ = • 321(30)(23)(46)(49)

WEIGHT OF STATOR IRON - in lbs.

#'s iron= #5_(btm)(Q)(_s)(hs) + 7T_)-(hc) _ (hc)(_s_

CARTER COEFFICIENT

(For open slots)

I
I
I
I

I

I
I
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(68)

(69)

(70)

(71)

ge

_a

C 1
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K = (26) 5(59) + (22)__

s (26) [-5(59)+ (22)-] - (22) 2

% _.44(g)÷ •750_o)_
K =

(26) 5. 44(59) + 75(22)-]
Ks-

(26) 5" 44(5,9) +. 75(22)-] - (22) 2

(For partially closed slots)

AIR GAP AREA - The area of the gap surface at the stator bore

Gap Area = TT(d)(]_) = 7T(11)(13)

EFFECTIVE AIR GAP

ge = (Ks)(g) = (67)(59)

AIR GAP PERMEANCE - The specific permeance of the air gap

6.38(d) 6.38(11)

_'a = (P)(ge) = (6)(69)

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form

to the actual maximum of the field form - Thfs term

can be an input or output. For C 1 to be output insert

0. on input sheet. For C 1 to be input, determine C 1

as follows:

For pole heads with only one radius, C 1 is obtained

from curve #4. The abscisa is "pole embrace" (cc)

= (77). The grapbAcal flux plotting method of deter-

mining C 1 is explained in the section titled "Deriva-

tians" in the Appendix.
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(72)

(73)

(74)

C W

Cp

C M

WINDING CONSTANT - The ratio of the RMS line voltage for a

full pitched winding to that which would be introduced

in all the conductors in series if the density were

uniform and equal to the maximum value. This value

can be an input or output. For C W to be an output,

insert 0. on input sheet. For C W to be an input, cal-

culate as follows:

C w

(E)(C 1)(K d) (3)(71)(43)

}_" (EpH)(m) Vr2"(4)(5)

Assuming K d = . 955, then C W = . 225 C 1 for three

phase delta machines and C W = . 390 C l for three

phase star machines.

POLE CONSTANT - The ratio of the average to the maximum

value of the field form. This ratio can be an input or

output. For Cp to be an output, insert 0. on input

sheet. For Cp to be an input, determine as follows:

For pole heads with more than one radius Cp is cal-

culated from the same field form that was used to

determine C 1' and this method is described in the

section titled "Derivations" in the Appendix. For

pole heads with only one radius Cp is obtained from

curve #4. Note the correction factor at the top of the

curve.

DEMAGNETIZING FACTOR - direct axis - This factor can be

an input or output. For C M to be an output, insert

0. on input sheet. For C M to be an input, determine

as follows:

I
I

I
I

I

I
I

I
I

I
I

I
i
I

I

I
I
I
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(75)

(76)

(771

v..t
u

GC
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C M =
-e_

(77177"+ sin _(77)_T_

4 sin _(77) q[/2_

C M can also be obtained from curve 9.

CROSS MAGNETIZING FACTOR - quadrature axis - This factor

can be an input or output. For C to be an output, in-
q

sert 0. on input sheet. For Cq to be an input, deter-

mine as follows:

Cq

C
q

,/2 _o_E(771 Tr/2]+ (77177"- sin_(77)7[_

4 sinE(77) _T/2_

can also be obtained from curve 9.

t VALID l:og.
CoNCE N TI_IC

POLE S .

POLE DIMENSIONS LOCATIONS per Figure 2

Where:

bp

length of pole (one end only)

width of pole

height of pole at center

all dimensions in inches

POLE EMBRACE

b V (76)

I
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(78)

(79)

(80)

A

X

x_

AMPERE CONDUCTORS per inch - The effective ampere con-

ductors per inch of stator periphery. This factor

indicates the "specific loading" of the machine. Its

value will increase with the rating and size of the

machine and also will increase with the number of

poles. It will decrease with increases in voltage or

frequency. A is generally higher in single phase

machines than in polyphase ones.

(IpH)(ns) (KP) (8)(30)(44)

A - _j_%_'C'"'" - (32)(26)

REACTANCE FACTOR - The reactance factor is the quantity by

which the specific permeance must be multiplied to

give percent reactance. It is the percent reactance

for unit specific permeance, or the percent of normal

voltage induced by a fundamental flux per pole per

inch numerically equal to the fundamental armature

ampere turns at rated current. Specific permeance

is defined as the average flux per pole per inch of

core length produced by unit ampere turns per pole.

100(A)(Kd) 100 (78)(43)
X=

_2" (C1)(Bg) x 103 = _ (71)(125) x 103

LFkKAGE REACTANCE - The leakage reactance of the stator_

for steady state conditions. When (5) = 3, calculate

as follows:

X2 ffi2,XE(_i) + (_E) 3 =_(79)E(62 ) + (64)_

In the case of two phase machines a component due

to belt leakage must be included in the stator leakage.

reactance. This component is due to the harmonics

I

I
I

I
I

I

I
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I
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I
I
I

I
I

I
I

l
I



i • •

I

i
I

I

(81) Xad

(82) x.

(83) X d

(84) Xq

(85) %
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caused by the concentraUon of the MMF into a small

number of phase belts per pole and is negligible for

three phase machines. When (5) = 2, calculate as

follows:

0.1(11)

_B"_ L (KP)'--J U (44)U /" (6)(69)

X_ -_E(_i ) , (/XE) + ()_B)- I where _B = 0 for 3 phase machines.

xz -_79)!-(82),)84). (80)1

REACTANCE - direct axis - This is the fictitious reactance due

to armature reaction in the direct axis.

Xad = 0[)()_a)(C 1)(C M) = 179)170)(71)174)

REACTANCE - quadrature axis - This is the fictitious reactance

due to armature reaction in the direct axis.

Xaq = 0C)(Cq)(_ a) - 179)175)170)

SYNCHRONOUS REACTANCE - direct axis - The steady state

short circuit reactance in the direct axis.

X d = (Xt) + (Xad) = (80) + (81)

SYNCHRONOUS REACTANCE - quadrature axis - The steady

state short circuit reactance in the quadrature axis.

Xq = (X/_) + (Xaq) = (80) + (8_.)

POLE AREA_ - The effective cross sectional area of the pole.

- o,..)(_)(_:,)-(76)(7e)(_6)
JL.S JL.p ,t

I
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I

(98a) V r PERIPHERAL SPEED - The velocity of the rotor surface I

in fee t per minute I

Vr (dr)(RPM) (lla)(7)
- 12 :'-'_ I

(99) Np NUMBER OF FIELD TURNS I

(100) tr MEAN LENGTH OF FIELD TURN I

(101) -- FIELD CONDUCTOR DIMENSIONS I

(103) Xf ° FIELD TEMP IN °C - Input temp at which full load field I

loss is to be calculated. I

(104) RESISTIVITY of field conductor at 20°C in micro ohm- I

inches. Refer to table given in Item (51) for

conversion factors. I

(105) RESISTIVITY of field conductor at Xf°C I

t ,. ,_., _p. _'XfOD)234.51_ (i04)_103) 234.5"7

(106) acf CONDUCTOR AREA OF FIELD WDG - Calculate same as I

/ _ stat°r c°nductor area (46) except substitute I

(102) for (39)

(101) for (33) I
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(1.o7)

(108)

(108a)

(lOSb)

(113)

(118)

Rf

(cold)

I

X du
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COLD FIELD RESISTANCE @ 20°C

Rf (cold) = J_f) (Nf) df) _ (104) (99)(100)

(acf) (106)

HOT FIELD RESISTANCE - Calculated at Xf°C (103)

Rf (hot) : _f hot) (Nf) ((_f) = (105)(99)(100)

(acf) (!06)

WEIGHT OF FIELD COPPER in lbs

#'s of copper : . 321 (Nf)ldf)(acf)

: . 321(99) (100)(106)

WEIGHT OF ROTOR IRON - Because of the large number

of different pole shapes, one standard formula

cannot be used for calculating rotor iron

weight. Therefore, the computer will not

calculate rotor iron weight.

FIELD SELF INDUCTANCE

i\a'_ 4 "+'Pf'_ 10-8Lf = (Nf) 2 Cp x

UNSATURATED TRANSIENT REACTANCE

T

Xdu : (XAc)'t-(Xf) : (80)+ (112)

I
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!

X d

f,

X d

ft

X

X 2

X 0

SATURATED TRANSIENT REACTANCE

f t

x d --. 88(Xdu)=. 88(118)

SUBTRANSIENT REACTANCE in direct axis

When no damper bars exist,

ft t

X d = (Xd)= (119)

i.e. when (92) = 0

SUBTRANSIENT REACTANCE in quadrature axis

When no damper bars exist, i.e. when (92) = 0

f!

X - X = (84)
q q

NEGATIVE SEQUENCE REACTANCE - The reactance due to the

field which rotates at synchronous speed in a direction

opposite to that of the rotor.

=. rx"÷ x" (121)_X 2 5L d q_='5 E(120)+

ZERO SEQUENCE REACTANCE - The reactance drop across

any one phase (star connected) for unit current in each

of the phases. The machine must be star connected

for otherwise no zero sequence current can flow and

the term then has no significance.

I
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(132)

(133)

(1341

(135)

(136)

!

Tdo

T a

!

T d

tt

T d

FSC

OPEN CIRCUIT TIME CONSTANT - The time constant of the

field winding with the stator open circuited and with

negligible external resistance and inductance in the

field circuit. Field resistance at room temperature

(20°C) is used in this calculation.

' LF (113)

Tdo-_-- lr_

ARMATURE TIME CONSTANT - Time constant of the D.C.

component. In this calculation stator resistance at

room temperature (20°C) is used.

x2 (122)
Ta " 2007r(f)(ra) " 200_(5a)(133)

(m)(IpH)2 (Rsp H cold )
"_°"° r -

a Rated KVA

_ (5)(8)2(53)
(2)

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wave.

t

, (Xd) ' (119) (132)

T d ffi _-_ (Tdo) =

SUBTRANSIENT TIME CONSTANT - The time constant of the

subtransient component of the alternating wave.

This value has been determined empirically from

tests on large machines. Use following values.

tt

T d = .035 second at 60 cycle

tf

T d = . 005 second at 400 cycle

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when the

stator is short circuited.

F = (X)(F ) = (83)(131)

55
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Bg

B t

B E

TOTAL FLUX IN KILO LINES

6(E)10 6 6(3)10 6

(_T = _Cw)(ne)(RPM) = (72)(45)(17)

GAP DENSITY in Kilo Lines/in 2 - The maximum flux density

in the air gap

(_T) (124) _

Bg --_ --rZ(ll)(13)

FLUX PER POLE in Kilo Lines

(_T)(CP) (124)(73)

_P= (P) -(6)

TOOTH DENSITY in Kilo Lines/in 2 - The flux density in the

stator tooth at 1/3 of the distance from the minimum

section.

OT

B t = (Q)(Zs)(bt 1//3 ) =

CORE DENSITY in Kilo Lines/In 2 - The flux density in the

stator core

I
I

I
I

I

I
I

I
I

I
I

I

A
c

B
C

EFFECTIVE AREA OF THE CORE

(_P) I

_c_ (:=___ _ .,_s I
• I

Fg AIR GAP AMPERE TURNS - The field ampere turns per pole I
required to force flux across the air gap when

operating at no load with rated voltage. I

(Bg)(ge) (125)(69)

Fg = _ = 3.19 I
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I

Pm = Leakage permeance path from rotor to stator between pole I

lobes, or rotor teeth. I,

I
I

I

.-..................;..........F_ . _

LEVEL PiE TWI:-EN

N,L, IS

Lo I_ES"

I

I
I
I

I
I

I

I
I
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I

I

I

I

I

I

I

II
g

I
I
I

I

I
I

I
I

I

C

P4 The permeance of the leakage path from the inner (or inboard)
edge of the stator stack, to the center shaft portion of the rotor.

T_TO R_

CoJL-

/
/
)

/j"

I /

jJ
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P5 = Leakage permeance across the field coil.

d

3,1f
|_ _s i i I ,___

P6 = Leakage permeance from etator to stator.

I

I

I
I

I
l

I

I
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I

I

I

I

I

I

I

I

I

I

I

I

I

t_*_ If /

.J

f

7"

i'

)

,I'lL ..................
.. __._---._-_. (

• \\l ..............'_i ........C:)

I P7 ._. Leakage permeance from stators to shaft and rotor.
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_4

!

m

m

_4L =

_SL ffi

_'L

_SH "

_SH =

_SHL =

_y
_yc

Flux leaking across the rotor area where there is no
pole, no load

Approximation of _m

_m leaking under load conditions

Flux leaking from the inboard side of a stator stack
to the rotor (shaft center section) at no load

Approximation of _4

_4 leaking under load conditions

Flux leaking across the field coil itself, no load

Approximation of _5

_5 leaking under load conditions

Flux leaking between stators, below the field coil and
at no load

Approximation of _6

_B leaking under load conditions

Flux leaking from stator into rotor end shaft extension.

Approximation of _7

_7 leaking under load conditions

Flux in shaft at no load

Approximation of _SH

_8H under load

Flux in the yoke outside the stator stack

Flux in the yoke around the field coil when the housing
is Jogged out to accommodate the field coil.

_yc a straight housing.in

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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!

! CALCU LATING T HE PERFORMANCE
OF THE HOMOPOLAR INDUCTOR

!

!
The procedure recommended for hand calculations is as follows:

!
1.0 Calculate _r, BT, _P and make all of the stator

! calculations listed on the left hand side of the

!
stator design sheet, page 2.

|
I

Use C1 and Cp values obtained from curve 4, page 11.

!
1.1 Calculate Pro, P4, PS, P6, PT.

!
2.0 No-l.o!d C_oUbttkmm

!
2.1

Calculate ATg t __

I 2.9
Calculate _m "Pm ATg

I 2.3 Calculate ATg -_- AT m z; ATg 4- P_m ges.i#Ag

I 2.4
Calculate _4 " P4 FATg - ATm I

I O5" P5 _ATg - 2ATml

! pe/ AT -2ATmy
!

!

63
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2.7

2.8

2.9

2.10

2.11

2.12

3.2

3.3

3.4

I

I

BTN L _ 0T + 0m P

AT

Bc = 0p 4" 0m

Acore

I

I

I
Oshaft m P-P-- 0p + P0m + 04 "_" 07

2 I

Bshaf t _ 0SH

ASH

_y -- OSH + 08 4- 0 5

I

I

I

I

I

The total ampere turns drop in the flux circuit Is _- J

FTNL= 2 _ g + F0m + FT _ FC + FP_+ FSH4" FY I

Full-load Calculations

Calculate ed_ Cos _+ x d sin

T

Calculate FTL = F T (1 + Cos 0)

.45 N e Iph C m Kd

I

I

I
Fdm I, p

I
_nlL= Pm _Fdm + Fged_ I



I

I

I

I

3.5
Fgt_ _ Fg _d +

3.6 _PL " (3p ed - . 93 X_ad sln

I
3.7 BpL-,ffi 0PL + _

A poleI
,J

I 3.0 FpL -- hp at B

3.0I
I 3.10
I

I 3.11

I 3.13

I 3.13

I 3.14

L_4L.Y P4 FgL + F'TL 4" F_

r,'q_i_L" PB Fg L +- 3 FTL +2 F_L ]
t.. ._./

_L" P6 Fg L-4" 2 F_L-_- 3 F'P

_B'HL " (ilpL + p _m 4- _4L+ _t_L

' g 'SILL

_.L" As.
l
I 3.10 F'BH L ._BI[[NI at B_IHL ]

I 3.17 0PLY" @L+ 0mr.

I

65

I
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3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

3.29

I

I

hp INI at BpL _

Fg L =r Fged 4-
P _m ge

Ag 3. i9

I
I

I

I
4 II

BTL " B T "_
AT

FTL . hT [NIatBTL] _ @ cosg>

I

_I'L" P4 [FTL4.. FgL..I. FpL_ I

I
_PL (P)

_shaft L == ]
"_" CmL- _2J_L- _4L I

I

FBHL'--_BH_ NI at BBHL_

'+,,L=I+,_'+T,.+-,F,,,..+-'I+F,.-,-"_,H_
L" P8 FTL + 2FgL+2FpL-t- F 8

!
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I

I

I

I

I

il

I
|
II

I

I

I

I

I

I

I

I

I

3.30

3.31

3.32

3.33

3.34

3.35

3.36

05L + 06L

Ocore L-- OPL + p

0 4 and 07 are leakage fluxes between pole

positions and do not 'add to the flux density

in the core.

¢$c L
Bcore L =

FcL_=dbsFNI/in at BcL- _

_y L .= _SHL -t- 06L "t- 051_

FtotalL =" 2Fg L -)- 2FTL -_- 2FcL -)- 2FpL _-

67

FSH L'_'- FyL

I
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YOKE FLUX AND LENGTH

There are three common types of housing or yoke construction and each
must be calculated differently.

, The first type of housing Is straight and of uniform thickness

I l

I

I
I

I

I
I

The coil is located between the stator stacks and ts between the output |
winding and the housing or yoke. U

_Vy _ bcot 1 -t-- 3/3 _ assuming that the effective length m

[of the yoke, for the flux density
calculated is 1/3 of the stack length.

!
3. In the second type of housing design, the excitation coil is so located

that the housing or yoke must be Jogge_ out to accomodatp it. m
i

I
The flux in ._l_yc iS )J0yL i

•The flux)in_,,,_y=the3/3_housing or yoke, that is directly outeidv the stator stack is: m

st_t_alg_"yL ---_SL since we have calculated aflux value for case l, lthe , uniform thickness housing.
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I

I 3. In the third configuration, the housing is tapered over the stator

and the yoke density is approximately uniform over most of the stator

stack length. The yoke length in this case can be taken as 3/4_

over each stack or r'- .L-/

' /
I
I

I

I

I

I

I

I

I

I

I

I

The flux in the yoke directly outside the stack is

(_y3L- _L - _SL
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(143)

(144)

(14_)

(146)

IFNL

S F

EF

I2R

FIELD CURRENT - at no load

IFN L = (FNL)/(NF) = (142)/(99)

CURRENT DENSITY - at no load. Amperes per

square inch of field conductor.

S F = (IFNL)/(acf) ,, (143)/(100)

FIELD VOLTS - at no load. This calculation is made

with cold field resistance at 20°C for no

load condition.

EF : (IFNL)(Rf cold) = (143)(107)

ROTOR I2R - at no load. The copper loss in the field

winding is calculated with cold field resistance

at 20°C for no load condition.

I2R = (IFNL)2 (Rf cold) = (143)2 (107)

I
I

I
I

I

I
I

I
I

I
I
I

I
I

I
I

I
I

I
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I

I
I
I

I
I

I
I

I

(147)

(z48)

F&W

WTNL

71

FRICTION & WINDAGE LOSS - The best values are

obtained by using existing data. For ratio-

ing purposes, the loss can be assumed to

vary approximately as the 5/2 power of the

rotor diameter and as the 3/2 power of the

RPM. When no existing data is available,

the following calculation can be used for an

approximate answer. Insert 0. when com-

puter is to calculate F&W. Insert actual

F&W when available. Use same value for

all load conditions.

F_W - 2. 52 x 10 -6 (dr) 2" B 2j_ (RPM) 1" B

= 2.5a x Io-8 (11a)2"5 a(Te) (7)I" 5

8TATOR TEETH LOSS - at no load. The no load loss

(WTN L) consists of eddy current and hysteresis

losses in the iron. For a given frequency

the no load tooth loss will vary as the square

of the flux density. The losses in the two

stators are approximat,_ly the same as if

all the voltage were generated in a single

stator.

I
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(14g)

(150)

W C

WNPL

WTNL . . 453(b t 1/3)(Q)(ls)(hs)(K Q)

. . 453(,7a)(23)(17)(22)(148)

Whers [Q I _) i 119)

I
8TATOR CORE LOSS - The stator core losses are due to eddy

currents and hysteresis and do not change under load I

conditions. For a given frequency the core loss will

vary as the square of the flux denIlty (Bc). I

.o- ,.,, -("o)3 I

Where KQ ii _) ii (_) I

POLE FACE_ _ - at no load. The pole surface losses are [
due to slot ripple caused by the stator slots. They •

depend upon the width of the Itator slot opening, the I
I

air gap, and the stator slot ripple frequency. The no

load pole face loss (WpN L) can be obtained from I
Graph 2. Graph 2 is plotted on the bases of open

slots. In order to apply this curve to partially open I
I

slots, substitute b o for b s. For a better understand-

tug of Graph 2, use the following sample. I

K 1 as given on Graph a is derived empirically and m
depends on lamination material and thickness. Those I

values given on Graph 2 have been used with success. i

K 1 is an input and must be specified. See item (161) I

for values of K 1. 8

I
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I

(15o)(Cont.)

73

K 2 is shown as being plotted as a function of (BG)2" 5

Also note that upper scale is to be used. Another

note in the lower right hand corner of graph indi-

cates that for a solid Ltne ( ), the factor is read

from the left scale, and for a broken or dashed line

(___ .. _ _ ), the right scale should be read. For

example, find K 2 when B G = 30 kilo lines. First lo-

cate 30 on upper scale. Read down to the intersection

of solid line plot of K 2 = f(BG)3" 5. At this intersec-

t.ton read the left scale for K 3. K 2 = . 38. Also refer

to item (152) for K2 calculations.

K 3 is shown as a solid llne plot as a function of

(FsLT)I. 65 The note on this plot indicates that the

upper scale X 10 should be used. Note FIlL T = slot

frequency. For an example, find K 3 when F0L T =

1000. Use upper scale X 10 to locate 1000. Read

down to intersection of solid llne plot of K 3 =

f(FsLT)I. 65 At this intersection read the left scale

fork 3. K 3 - 1.35. Also refer to item(153) forK 3

calculations.

For K4 use same procedure as outlined above except

use lower scale. Do not confuse the dashed line in

this plot with the note to use the right scale. The

note does not apply in this case. Read left scale.

Also refer to item (154) for K 4 calculations.

For K B use bottom scale and substitute b ° ior b s wlmn

using partially closed slot. Read left scale when using

solid plot. Use right scale when using dashed pk_

Also refer to item (155) for K 5 calculations.

I
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(is0)

(1.1)

(1,2)

(153)

(Cont.

K 1

K 2

%

For K 6 use the scale attached for C 1 and read K 6

from left scale. Also refer to item (156) for K 6

calculations.

The above factors (K2) , (K3) , (K4) , (K5) , (K6)can

also be calculated as shown in (152), (153), (154),

(155), (156), respectively.

WpN L = 7F(d)(_)(KI)(K2)(K3)(K4)(K5)(K6)

= 7F(11)(13)(151)(152)(153)(154)(155)(156)

I
I

I
K 1 is derived empirically and depends on lamination material

and thickness. The values used successfully for K 1

are shown on Graph 2. They are

K I = I. 17 for . 020 tam thickness, low carbon steel

= I. 75 for . 063 lam thickness, low carbon steel

= 3.5 for . 125 tam thickness, low carbon steel

= 7.0 for solid

K 1 is an input and must be specified on input sheet.

K 2 can be obtained from Graph 2 (see item 150) for explanation

of Graph 2) or it can be calculated as follows-

Kz - f(BG) -

Ill

K 3 can be obtained from Graph 2 (see item 150) for explanation

of Graph 2) or it can be calculated as follows:

I
I

I
I

I
I
I

I
I

= 1.5147 x 10 -5 (153) 1" 65

Where FSL T = _ (Q)

- _ (23)

K 3 = f(FsL T) - 1.5147 x 10 -5 (FsLT)1"65 I
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I
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I

(154)

(1.8)

K 4

%

75

K4 can be obtained from Graph 3 (see item (150) for explanation

of Graph 2) or it can be calculated as follows:

For T'e _=. 9

K4 = f(Ts) = .81(Ts )1"386

.. el(le) 1"388

For .96 "t-'6 D.0
-|

K(. f(T.) = •7o(r.) 1"14_

=. 7o(ae)l. l(e

For _,a. 0

=. os(ae)"w

K6 can be obtaAned from Graph I (Bee item (180) for ezplanaUon

of Graph I) or it can be calculated as follows:

For (bs) / (e)* 1.7

%. t(b./.)..s[-%)/(.)_.s_

NOTZ: For partially open elote subetttute b
o

In equatlosm ehown.

For 1.7(0_m)/ (g)_ s

"_"').)/(')" "'"[_.)/_0'
- .-F_S-)/<-_'

for b
B

n
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(10o)

(158)

(1liSa)

(15o)

%

I]R

For 3_(bs) / (g)_=

K5 :, f(bs)/(g) =

I

For Cos) / (g)>5

K_-fJ-(bs_ (g) -

II

K 6 can be obtained from Graph i (see item (150) for explanation

of Graph 3) or it can be calculated as follows:

%. t(ci), lo_"13(cl)- I.6o.6_1

• loE""(Tx)- l..o.e_

8TATOR I2R - at no load. This item - 0. Refer to item (173)

for 100% load stator IiR.

EDDY LOSS - at no load. This item - 0. Refer to item (173a)

for 100% load eddy lois.

TOTAL LOSSES - at no load. Bum of all losses

Total losses = (Rotor IIR) + (F i W) + (Btator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

+ (Damper Loss)

. (146) + (14V) + (148) + (149) + (150) +. (15V)

I
I

I
I

I

I

I

I

I
I

I
I

I
I
I

I

I

I
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(166)

(167)

(168)

(169)

(170)

IFFL

EFFL

I_R F

WTFL

FIELD CURRENT at 100% load

IFFL = (FFL)/(N F) : (165)/(99)

CURRENT DENSITY at 100% load

77

Current density = (IFFL)/(acf) : (106)/(106)

FIELD VOLTS at 100% load - This calculation is made

with hot field resistance at expected temperature

at 100% load.

Field Volts = (IFFL) (Rf hot) = (166)(108)

FIELD I2R at 100% load - The copper loss in the field

---4--JJ .... 1_..1,,.k4.,_..11 ...'lfh 1_,r'_4- ¢4,o,1,,4 '*,,,,',,m4a'l',",,nr_, ,'*f

expected temperature for 100% load condition.

Field I3n : (IFFL}3(RF hot) = (160)3(108)

ffrATOR TEETH LOSS at 100% load - The stator tooth

loss under load increases over that of no load

because of the parasitic fluxes caused by the

ripple due to flux distortion.

_1.8

_}_ Load)_ ..'_

lo0r J÷_ _VTNL)

NOTE {Xd) is in per unit

1 + I_ (148)

J
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(173)

(173a)

(174)

12R

I
POLE FACE LOS___SSat 100% load

I

= + (150)

(Ksc) is obtained from Oraph 3

STATOR I2R at 100% load - The copper loss based on the D.C.

resistance of the winding. Calculate at the maximum

expected operating temperature.

I2R = (m)(IpH)2 (RsPHhot) _100L°ad)

= (5)(8)2 (54) 1.

I

I

I
I
I

EDDY LOSS - Stator I2R loss due to skin effect

Eddy Loss =
(EFt°p) + (EFb°t) 1_
_ 2

(55)-(58) ,I
(173)2 -

(Stator I2R)

TOTAL LOSSES at 100% load - sum of all losses at 100% load

Total Losses = (Field I2R) + (F & W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

(Stator I2R) (Eddy Loss)

= (169) + (147) + (170) + (149) + (171) + (172) + (173) + (173a)

I

I

I
I
I

I

I
I
I
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(175) --

(17o) --

(177) --

J4_(b,

79

RATING IN WATTS at 100% load

(%Load)
Rating = 3(EpH)(IpH ) (P. F. ) 100

= 3(4)(8) (9)(1.)

RATING & _ LOSSES -- (175) + (174)

% LOSSES =E_ Losses / Rating+ _ Losses_ 100

. _174)/(_77)__00

_O m,.£ EI_A£,L_q., I - luuTo - 7o Lussels

- 100% - (177)

Item (160) through (178) are 100% load calculations.

These items can be recalculated for any load condition

by simply inserting the values that correspond to the

% being calculated. The factor _ takes careload

of (IpH) as it changes with load.

Note that values for F & W (147) and W C (Stator Core

Loss) (149) do not change with load,

I
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Laminated

Stator

Output

Winding

DLSK-_YPE, OR AXIAL AIR-GAP
LUNDELL TYPE AC GENERATORS

...... / / .

• F

Rotor

Flux

Non-MaEnetlc Spacer
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AXIAL AIR-GAP, LUNDELL TYPE, A.C. GENERATOR



LAMINATED
STATOR

HOUSING

FIELD

COIL

ROTOR POLE I

STATIONARY

MEMBER

,'///II//

OUTPUT--/ Z. NON-MAGNETIC SEPARATOR

WINDING

I

I
I

I
I
I
I

I
I

I

DISK TYPE LUNDELL



(No ModeL) t 8hoete--Sheet 1.

R, LUNDELL.
DYN£M0 ELEOTRI0 MAOHIIE.

1_o. 490,809. Patente_ Jsn. 31, 1893.

! w Mmml m m_qm_ee_o./as

!



The original Lundell generator patented by Robert Lundell in 1893 was

an axial air-gap generator with the output windings rotating.

The newer brushless, axial air-gap generator has the field structure

rotating and the output winding is stationary. The brushes

are eliminated through the use of auxiliary air-gaps.

The weight of this machine is approximately the same as that of a

radial gap Lundell generator of the same rating, speed and

frequency. It can be built with two stators and one field coil

for maximum output at a given diameter.

The output of the disk-type or axial-gap Lundell generator is a function

of the third power of the stator diameter, (D) 3.

If a single-stator axial-gap generator and a radial-gap generator are

built with the same KVA, frequency, RPM, air-gap flux density,

and stator ampere loading (or the same reactances) the rotor

of the disk-type generator will be a minimum of two (2) times

the diameter of the radial-gap generator. See derivations in

Second Quarterly Report.

At the same rating and conditions of load, the single-stator axial air-

gap machine operates at four (4) times the stress level of the

radial-gap machine.

I
I

I
I

I

I

I
i
I

I
I
i

I

I
I

I
I
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The outputs of all of the "Lundell generators are _unctions of the third

power of their rotor diameters (d) 3, but for equal maximum

rotor stresses, the radial gap generator wiil have (2)3 or 8

times the output of the disk-type machine.

Though the machine weights are comparable, the disk-type machine has

more WR 2 and more gyToscopic moment than the radial gap

Lundell machines.

The attractive force, due to air-gap flux, between the rotor and stator

of the single-stator machine is great and the single-stator

configuration cannot be used with fluid bearings. The more

balanced two-stator design must be used with fluid bearings.

In some cases, the axial air-gap machines are advantageous because of

their physical configuration and the design procedure is included

in this study for completeness.
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VALUES OF Kdn FOR INTEGRAL-SLOT, 3# W[NDINGS - TABLE 2
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DiSc-TYPE "_YNGI4R.ONOU_ GENERATOR

STATOR

"STATOR I.D.

=3TATOR O.D.

CORE LENGTH

D6_ x Z

SLOT5

CARTER COEFR

TYPE W_O&L;;

TNROW

sv,ew¢
CMORD FACTOR.

COND. PER SLOT

TOTAL EFF. COND.

CONI::x t, tT..E

COND. AREA

CURRENT DENSITY

WD&.CONST.

TOTAL I::LUX

GAP AREA

GAP DGNSI'TY

POt..E CONST.

FLUX PER POLE

SNA_T FLUX

TOOTN PITCN

TOOTN DENSITY

CORE DENSITY

GRADE IRON

MF..RN TURN

REs/P._sE@ °
EDDY FACT TOP

E. R AVE EFF. I_K)T.__

O['MAG.FACT.C. Ct
AMP COND.PER IN

Rr,MT, FACTOR

CONO. PEKM.

END PERM.

LEAKAGE REACT.

AIR GAP PGRM.

_.ACT. OF ARM. X=.d_X=.e,_
WT. OF COPPER

WT. OF IRON

ROTOR

SINGLE GAP _ =
ROTOR O.O. I.D.

PERII_IEPJ_L CaPEEP

POLE PITCI4

POLE AREA-OUTER

POLE AREA- INNER

ROTOR LEAKAGE

POLE" DEN&ITY

ROTOR IRON

DAMPER 6ARS N,t

BAR SI_G

EAR PITCI4 ko_

FIELD COIL TURNS

COND. $1'F..E

COND RREA

MEAN TURN

R_s@ o

% LOAD

P,P.
AMPS

VOLT5

IZR

bo

i

FIELD 5ELF IND.

DAMR LEAK XDd XD _

REACTION-TIME" CONSTANT

5YNCN. Xd Xt..
UNSAT. TRANS.

SAT. TRAN5,

$UbTRANS. X; X i'
NE6. _=,E6X._NCE

ZERO S_CE

OPEN CIR. TIME CON.

ARM. TIME CON.

TRANS. TIME CON.

SU&TRANS. TIME CON.

SLOT

r

I
/7"

O.D. I.D. I

_ __i I
f

5A'T URATION

AIR GAP AT

STATOR AT

POLE AT

NO LOAD AT

RATED LOAD AT

OVERLOAD AT

,Tfl,,IORT CIRCUIT AT

I
I

LOSSES- EFFICIENCY

% LOAD

WoO. I:OR

KVA % P.I:,

.CY/'.Lr=5/SEC.

COOLING

AMP5

RPM
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•AXIAL AIR-GAP, LUNDELL TYPE A.C. GENERATOR, DESIGN MANUAL

(1)

(2)

(3)

(4)

(5)

(5a)

(6)

(7)

(8)

(9)

(9a)

KVA

E

EpH

m

P

RPM

IpH

PF

K c

DESIGN NUMBER - To be used for filing purposes.

GENERATOR KVA

LINE VOLTS

Y
PHASE VOLTS - For 3 phase, _ connected generator

Ep H = (Line Volts) = (3)
4Y 4g-

For 3 phase, _ connected generator

EpH = (Line Volts) = (3)

PHASES - number of

FREQUENCY- In cycles per second

POLES - Number of

SPEED - In revolutions per minute

PHASE CURRENT - In amperes at rated_load

POWER FACTOR - Given in per unit _k

ADJUSTMENT FACTOR - When PF = 0. to .95 set K c = 1;

when PF = .95 to 1. set K c = 1.05

!



2

(10a)

(11)

(12)

(13)

(16)

d

I. D.

Oo D•.

l

%

STATOR EQUIVALENT DIAMETER

d = (O.D.)÷ (LD.) = (12) _'(11)
2 2

STATOR I.D. - The inside diameter of the stator toroid

in inches•

STATOR O.D. - The outside diameter of the stator toroid

in inches

GROSS CORE LENGTH - In inches

_:i':,

(O.D.)-(L D. ) (19.)-(11)
= 2 - 2

STACKING FACTOR - This factor allows for the coating

(core plating) on the punchings, and the

looseness of the ribbon. Approximate values

are giver in Table IV.

THICKNESS OF

LAMINATIONS

(INCHES)

.£14
• 018
• 025

• 028
• 063

• 125

GAGE K i

29 0.92
26 0. 93

24 0.95
23 0.97

-- 0.98
-- 0.99

TABLE IV
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(17)

(18)

(19)

(20)

(21)

(22)

_S

k

B

bl

b2

b3

bs

h0

hl

h_.

h3

hs

ht

hw

SOLID CORE LENGTH - The solid length is the gross

length times the stacking factor.

3

_s = (Ki) x (_) = (16) x (13)

MAGNETIZATION CURVES are to be available for stator,

pole and yoke.

WATTS/LB- Core loss per lb of lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density

used in Item (19) to pick the watts/lb. The

density that is usually used is '/7. 4 kilolines/in2.

TYPE OF STATOR SLOT - Refer to Figure 1 for

type of slot.

ALL SLOT DIMENSIONS - Given in inches per Figure I.

Note: For Type (c) slot

bs =
(bI) -t- (b3)

2 2
= (22)+ (2_.)
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(23)

(24)

(25)

(26)

(27)

(28)

(29)

Q

h e

q

_'S

'Fs.1/3

I

STATO___R_ SLOTS_- number of I

DEPTH BELOW SLOTS - The depth of the stator core I

below the slots. I

h c = tto - h s = (24) - (22)

Where tto is the thickness of the stator core. I

5 '!
SLOTS PER POLE PER PHASE

(Q) - (23)

q : (P) (m) (6) (5)

STATOR SLOT PITCH (average)

y- W (d) W(10a),
's - Q - (23)

STATOR SLOT PITCH - 1/3 distance up from naxrowest

section of tooth.

_f's 1/3 : _s : (26)

TYPE OF WINDING - Record whether the connection is

"wvc" of "delta.",

TYPE OF COIL - Record whether random wound or formed

coils axe used.

l
I

I
I

I
I

I
I

I
I

I
I



I

I

I
I

I

I
I

I
I

I
I
I

I
I

I
I

I

I
I

(30)

(31)

(31a)

(32)

(33)

n S

Y

C

CONDUCTORS PER SLOT - The actual number of con-

ductors per slot. For random wound coils use

a space factor of 75% to 80%. Where space

factor is the percent of the total slot area

that is available for insulated conductors after

all other insulation areas have been subtracted

out.

THROW - Number of slots spanned. For example, with

a coil side in slot 1 and the other coil side

in slot 10, the throw is 9.

PERCENT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a

pole pitch

(_') (31)
- (m)(q) - (5)(25)

PARALLEL PATHS, no. of - Number of parallel circuits

per phase

STRAND DIA OR WIDTH - In inches. For round wire,

use strand diameter. For rectangular wire,

use strand width.
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(34)

(35)

(36)

(37)

(38)

NST

db

hST

I

h st

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have

a more flexible conductor and reduce eddy current

loss a stranded conductor is often used. For

example, when the space available for one

conductor is . 250 width x . 250 depth, the

actual conductor can be made up of 2 or 3

strands in depth as shown.

OME. S, TR-A N 0

For a more detailed explanation refer to section

titled "Effective Resistance and Eddy Factor"

in the Derivations in Appendix.

DIAMETER OF BENDER PIN in inches - This pin is used

in forming coils

COIL EXTENSION BEYOND CORE in inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in inches

DISTANCE BETWEEN CENTERLINES OF STRANDS IN

DEPTH in inches.

I

I
.

I

I

I
I

I
I

I
I

I
I
I

I
I

I

I
I

I



I

I
I

I

I
I

I
I

I
I

I
I
I

I

I
I

I
I

I

(39)

(40)

(41)

(42)

(43)

KSK

K d

7

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire

use 0.

SKEW Stator slot skew in inches at main air gap. To

be measured at the stator O.D,, as the devi-

ation from a radial line at that point.

POLE PITCH in inches (average)

"_9 = 'if(d)- 'r['(lOa)
(6)

SKEW FACTOR - The skew factor is the ratio of the voltage in-

duced in the coils to the voltage that would be induced

if there were no skew

KS K

F_(TSK)_

V'(%K) 77"(40)
2(Tp)

DISTRIBUTION FACTOR - The distribution factor is the ratio

of the voltage induced in the coils to the voltage that

would be induced in the coils if the winding were

concentrated in a single slot. See Table 2 for com-

pilation of distribution factors for the various har-

monies.

where cc =
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(44)

(45)

(46)

or

K d

(q)sin _0°/(m)(q_

_n_0°/(5_
(25)sin_o°/(5)x (2_

=N sin _(m)/23 where N _ Integer =

For (25) = Integer

(Q)
(m)(P) x Integer & ccm =

_O°/(m)? _50°/(_
• K d• • " .,.

I

I
I

n e

a c

For (25) = Integer

180 °

N x (m)
I

I

I
I

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef= I

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow- I

ing for the distribution factor.

!
(Q) (ns) (KP) (KsK) (23)(30)(44)(42)

ne = (C) = (32) I

CONDUCTOR AREA OF STATOR WINDING in (inches) 2 =

The actual area of the conductor taking into account I

the corner radius on square and rectangular wire.

See the following table for typical values of corner I

radii

!
If (39) = 0 then a = . 257T(Dia) 2 =. 251T(33) 2

° I

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil• See Table 1 for compilation of the pitch factors
I

for the various harmonics•

,



I
I

I

I
I

I

I
I

I
I

I

I

I
I

I
I

I

I

(47)

(48)

9

If (39) _ 0 then ac = (NsT) trand width) (strand depth) - (. 858 r c

SS

L E

(34) E33} (39)- _. 858rc2J_

where . 858 r 2 is obtained from Table V below.
C

(39)

• 050
• 072

• 125

(33) . 188

• 000124
• 000210
• 000210

• 189 (33) .75

•000124
.000124

.00084

(33) . 751

•03020

• 000124
• 000124

._

.000124

.165 •000840 •00084 •003350

.225 •001890 •00189 •003350

.438 -- •00335 .007540

.688 -- •00754 •01340
• 03020

TABLE V

CURRENT DENSITY - Amperes per square inch of stator

conductor

(IpH) (8)

SS = (C)(ac) - (32)(46)

END EXTENSION LENGTH in inches

When (29) = 0 then:

!1_.3 if (6) = 2
.5_KT_(¥)[o.D.].5, 1.5 _ (6)

LE = Q : .7 if (6)

(23)

When (29) = 1° then:

LE: 2 Ve2 -t- " [c_=_'._)l,'r' bs 2

?r (31)[(I 2)_

2 x (36) +_'_-_]+(31)
{26) 2

(26) z - (22) z|
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(49)

(50)

(51)

(52)

Xs°C

(hot)

1/2 MEAN TURN - The average length of one conductor in inches

_t = (Z) + (LE) = (13) + (44)

STATOR TEMP o C. - Input temp at which F.L. losses will be

calculated. No load losses and cold resistance will

be calculated at 20°C.

RESISTIVITY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm -inches.

D ohm-cir

J ohm-cm ohm-in mil/ft

1 ohm-cm =

1 ohm-in =

1 ohm-cir mU/ft =

1.000

2.540

1.662 x 10 -7

0.3937

1.000

6.545 x 10 -8

6.015 x 106

1.528 x 107

1.000

TABLE

Conversion FactorsforElectricalResistivity

RESISTIVITY OF STATOR WINDING - Hot at Xs°C in micro ohm-

inches

J_S (hot) (_S) r(Xs°C) + 234" _= [_. 254.5 = (51)
E50) + 234.

254.5 5_

I
I

I

I
I

I

I
I

I
I

I
I

I
I
I

I



I

I

I

!

!

!

!

(53)

(54)

(55)

(56)

RSpH

(cold)

RSPH

(hot)

EF

(top)

EF

0_ot)

11

STATOR RESISTANCE/PHASE - Cold @ 20°C in ohms

D t/ -t. (_
_ (rs)(ns)(Q)'_t)_a° (51)(30)(23)(49) XlO-

"_SPH(cold) .... (m)(ac)(C)2 = (5)(46)(32)2

STATOR RESISTANCE/PHAS_ - Calculated @ X°C in ohms

j.

(Ps hot )(ns)(Q)(Ztt)xt° (52)(30)(23)(49)_lo {"

_SPH(hot) = (m)(ac)(C)2 = (5)(46)(32)2

EDDY FACTOR TOP - The eddy factor of the top coil.

Calculate this value at the expected opera-rag tem-

perature of the machine.

EFto p ffi 1 + 84 s 3.35 x 10 -3

hst)(ns)(f)(ac_

2

5 _34) 2- _'_8)(13-_-_
= 1 + 84 + E--T6-__37)(49__ 2_.. 35 x 10 -3

__37)(30)(5a)(46)_

EDDY FACTOR BOTTOM - The eddy factor of the bottom coil

at the expected operating temperature of the machine

677 _hst) (ns) (f) (ac)__ 2

EF(ix_t) = (EF(top)) - 1. L (bs)(PS hot ) ]

x 10 -3

I
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(57)

(57a)

(58)

btm

bti/3

: (55) _30 i _)_ 10-3

STATOR Tc :__.
1//2 way down tooth in inches-

type (a), (b), (d) and (e), Figure I [

= (rs)_ (%) : (26) -(22)

For slot type (c), Figure I

btm = (Y's) - (b3) : (26) - (22)

I

I

tSTATOR TOOTH WIDTH - 1/3 distance up from narrowest

s e ction

For slots type (a), (b) and (e)

bt 1/3 = (_s 1/3) - (bs) - (27) - (22)

For slot type (c)

I/3: _m - (57)

For slot type (d)

242 (bs) = (27) - .94(22)
3bt 1/3 : (_1/3)

TOOTH WIDTH AT STATOR - Main air gap in inches

For partially closed slot

bt ----_- bo =

For open slot

W(loa) - (22)
(23)

'rF(lOa) (22)bt = - bs : (23) -



I

I
I

I

I
I

I

I
I
I

I
I
I

I

I
I

I
I

I

(59)

(59a)

(59c)

(60)

(61)

g

g2

g3

C x

KX

13

MAIN AIR GAP - given in inches

AUXILIARY AIR GAP (g2) - given in inches

AUXILIARY AIR GAP (g3) - given in inches

REDUCTION FACTOR - Used in calculating conductor per-

meance and is dependent on the pitch and dis-

tribution factor. This factor can be obtained

from Graph 1 with an assumed K d of . 955 or

calculated as shown

(Kx) (61)

CX = (Kp)2 (Kd)2 : (44) 9. (43)9.

_'ACTOR TO ACCOUNT FOR DIFFERENCE in phase current

in coil sides in same slot.

For 60 ° phase belt winding, i.e. l_en (42a) = 60

r 3(y) 1_ 2/3 " "
Kx = i/4_m)(q) + where = (y)/(m)(q)= 1.0

1 4[" 3(31)
KX = / L_J_z_'_5"-==--"

+ 1_ where 2/3 • <= (31a)= 1.0
J

or

K x = I/4_(6_) - l_ where 1/2 <
= (31a) • 2/3

- = (31a) = 2/3
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(62)

I
For 120 ° phase belt winding, i.e. when (42a) = 120 w

K x = .75 when 2/3 =< (y)/(m)(q) I

K X = .75 when 2/3 --< (31a) I

or

KX = .05 [_._ - l] where 1/2-*-(J_;) -< 2/3 I

Y- 05 [24(31) _ 1] where I/2 <- (31a) --< 2/3 II

K - . L(3)(25) J

CONDUCTOR PERMEANCE - The specific permeance for •

the portion of the stator current that is embedded I

in the iron. This permeance depends upon the

configuration of the slot. I

(a) For open slots

-- 20 _h2)(hl) (bt) 2 .+35(bt)_ _ I

7_i = (C X) _T_ _-_ + _ + lr_ _rs.Xg) + --_j I

_.0 _2). (m. (58)_ ,.35(58)_ I

(60)mm+ m+ms+ l
(b) For partially closed slots with constant slot width

20 []ho) 2(,) (h w) (h 1) (bt)2 -35(bt_' '

20 _22) 2(22) _ (22) (58) 2
_i = (60)_T_T_ + (22)+(22)+ + _ + _ +

(c) For partially closed slots (tapered sides)

• 35(58)] l
(26),'J

I

2(h t ) £(h w ) (h 1) (bt)2 .35(b t)

+%)+ _)+_-_ +-_+ _6(r_)(g)+ (_)

20 _22)
_i = (6o)_-_TL_

2(22)
+ (22)+ (22) (me2)



I

I
I

(63)

(64)

15

(d) For round slots

F. %)]

(e) For open slots with a winding of one conductor per slot

"'l

. . 20 + C_1)+ 6 + (s) __

_ ,+n,mo _}_+2).{2z). o. (sg)+4-_J

KE LEAKAGE REACTIVE FACTO__R for end turn

Calculated value (LE)

KE = Value (1, E) from Graph 1 (For machines _here_tt)> 8")

where L E = (48) and abscisa of Graph 1 = (Y)(_s) = (31)(26)

tr =_alculated value of (LE) (For machines where (11)<8")

°'E _Value (LE)from Graph 1

_E END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

The term I 0E LI_2n is obtained from Graph 1.

The symbols used in this (term) do not apply to those

of this design manual. Reference information for the

symbol origin is included on Graph I.
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(65)

_66)

(67)

(68)

(69)

K S

Aoe

o

ge

WEIGHT OF COPPER - the weight of stator copper in lbs.

#'s copper - . 321(ns)(Q)(ac)(_t) - . 321(30)(23)(46)(49)

WEIGHT OF STATOR IRON - in lbs.

#'s iron = . 283 _'(btm)(Q)(_s)(hs) -f- tT (d)

: .283 {'(57)(23)(17)(22) "l 71" (lOa) (24)(171

CARTER COEFFICIENT

Ks = -- 2

(26)E5(59),(22)]
(26) [5(59) _-(22)_ - (22) 2

K S -

(For open slots)

K s -

K s :

V= _4.44(g)_-.75(bo)-]

Vs_4.44(g)+.75(bo)]-(bo)2

(26) [4.44(59)-I-. 75(22)-_

(26) _4. 44(59)+. 75(22)] - (22) 2

(For partially closed slots)

MAIN AIR GAP AREA - The area of the gap surface at

the stator bore

Ag - -_4 _O.D.)2- (I.D.)2_- _/_4 __(12)2 - (11)2_

EFFECTIVE AIR GAP (MAIN)

ge : (Ks)(g) = (67)(59)

I
I
I

I

I

I
I

I
I
I

I
!

I
I
I

I

I
I

I
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

(70)

(70a)

(71)

(72)

Ag2

Ag3

C1

Cw

17

AREA OF OUTER AUXILIARY AIR GAP (g2) - Calculate

from layout. This gap must be uniform cir-

cumferentially with no saturated sections if

parasitic losses in the gap surfaces are to be

prevented.

AREA OF THE INNER AUXILIARY GAP (g3) - The same

comment applies to g3 as to g2 above. Avoid

discontinuity in the circumferential flux pattern.

THE RATIO OF MAXIMUM FUNDAMENTAL of the field

form to the actual maximum of the field form.

For pole heads with only one radius, C 1 is ob-

tained from Curve #4.

embrace" (oc) - (77).

The abscissa is "pole

The graphical flux plot-

ting method of determining C 1 is explained in

the section titled "Derivations" in the Appendix.

WINDING CONSTANT - The ratio of the RMS line voltage

for a full pitched winding to that which would

be introduced in all the conductors in series

if the density were uniform and equal to the

Maximum value.

(E)(C 1)(Kd)

C w = _(EpH)(m )

(3)(71)(43)

(_(4)(5)
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(73)

(74)

(75)

(76)

Cp

CM

Cq

Assuming K d - .955, then Cw - .225 C1 for

three phase delta machines and C w - . 390 C 1

for three phase star machines.

POLE CONSTANT - The ratio of the average to the mammuJ

value of the field form. Cp is obtained from

Curve #4. Note the correction factor at the

top of the curve.

DEMAGNETIZING FACTOR - direct axis.

(oc)_ &sin_oc)_'] = (77)71" t-sin (77)

CM : 4 sin[(oc)"ff/2] 4 sin_77) -rr/2 3

CROSS MAGNETIZING FACTOR - quadrature ax-s

Cq 1/2 cos_oc) '11"/2] "l-(oc)'ff - sin_oc)_ff]
= 4 sin_oc) _v/2]

1/2 cos_77) W2] "1"(77)_" - sin_77)TT]

: 4 sin_77) "ff/2]

valid for

con centr i c

poles.

!

!

!

!

!
Cq can also be obtained from Curve 9.

POLE DIMENSIONS LOCATIONS per Figure 2 b

bpl -

bp2 =

minimum width of pole (usually at tip) measured

at the edge of the stator toroid.

maximum width of pole (usually at entering edge)

bp

at edge of stator toroid.

average width of pole

bp = bP 14-bp2
2

I

I
I
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I (79) Apo AREA OF POLE AT ENTERING EDGE OF STATOR TOROID

I (outer pole) - Obtain from layout.

I (79a) Api _AREA OF POLE AT ENTERING EDGE OF STATOR TOROID

I (inner pol ) - Obtain from layout.

]

I

I
i

!

I

I
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I

(8O)

(81)

(82)

P1

P2

P3

23

POLE TIP TO ROTOR LEAKAGE PERMEANCE - Add the

leakage permeance from the inside pole to the

outer flux ring and the outside pole to the shaft

section. Pe_ Ft(_

SIDE LEAKAGE FROM POLE-TO-POLE

t_a PE_ F t 5 5"
P2=

a = area of leakage path between poles x poles

: median length of leakage path between a pair of poles

LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE TO

ROTOR.

Add the leakage permeance from inner pole to outer

Multiply thisflux ring and from outer pole to shaft.

P I'
sum by -_- PEP.. FI6 6 , 7

Pa = _'3 J
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I (83) P4 LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE

I TO UNDERSIDE OF POLE -

P4 =I_ 4 ] (P) f'£{£ FIG-8I
L.

I

I ; _

• N

I

I

I

I i

F-,-_r F-_m

27
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(84)

(86)

(88)

(89)

P5

P7

_T

_7

LEAKAGE PERMEANCE THROUGH FIELD COIL

Where

a5 PEP- FIG 7"

P5 =-_5

a 5 = Yf'(dc)(bc) inches 2

b c = width of field coil

d c = field coil diameter

Coil O.D. + Coil I.D. inches
= 2

Where

Where

Coil O.D. - Coil I.D. inches
Where _ 5 = 2

t't= 3.19

STATOR TO FLUX RING AND SHAFT LEAKAGE

pE._. FI(:I 7

TOTAL FLUX in Kilolines

6(E)106

0T : (Cw)(ne)(RPM)

6(3)106

- (72)(45)(17)

LEAKAGE FLUX FROM STATOR TO SHAFT AND OUTER

FLUX RING

: P7 _'2(FT) 4" 2(F c) 1.(Fg 2) "t-(Fg3)'l" (Fpo)'t"(Fpi)-] x 10-3
2

= (86)_2(97)+2(98)t'(123)+(120)"1-(104) "i'(_l_4b)_ x 10 -3-

I
I

I

I

I

I

t
I
I

I

I
I
I

I

I
I

I

I

I
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(91)

(92)

(94)

(95)

(96) j

Bt

S c

Bg

Fg

TOOTH DENSITY in Kilolines/in 2 - The flux density in the

stator tooth at 1/3 of the distance from the minimum |
!

section.

0T = (88)
Bt = (_,)_s)(b t 1/3) (23)(17)(57a)

FLUX PER POLE in Kilolines

_p = ((_r)(Cp) = (88)(73)
(P) (6)

CORE DENSITY in Kilolines/in 2 - The flux density in the

stator core

= (O_P) = (92) IBc
2(hc)_Ts) 2(24)(17)

GAP DENSITY in Kilolines/in 2 - The maximum flux density

in the air gap

Bg = ((_T) = (88)

(Ag) (68) I

AIR GAP AMPERE TURNS - The field ampere turns per pole I
q

required to force flux across the air gap when oper-

ating at no load with rated voltage.

Fg = (Bg)(ge),10_= (95)(69)X,03
3.19 3.19
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I

I

(97)

(98)

(100)

(lO2)

(103)

F T

F e

Opt

Bpo

31

ST__ATO__RRTOOTH AMPERE TURN_____SS

F T : (hs) _NI/ineh at density (B t)]

- (22) _ look up on stator magnetization curve
!

_given in (18) at density (91)

STATOR CORE AMPERE TURNS

F e -
_r(d)

4(P)

(10a)

Fc = 4(6)

NI/inch at density (B c)_

ook up on stator magnetization curv_
density (94)

LEAKAGE FLUX - at no load

: _80)÷(81)_(82)_83)_ _2(97)_-2(98)t'(123)4(120)_ _10-'

TOTAL FLUX PER POLE - at no load

Opt - 0p-[-0_p _ (92)÷

FLUX DENSITY IN OUTER POLE (NL)

(102)Bpo = _

I
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(104)

(104a)

(104b)

(i04c)

Fpo

Bpi

Fpi

(_r

AMPERE TURN DROP THROUGH OUTER POLE @ No L.

I

I

Fpo =(_po) _ NI/inch at density (Bpo)]

= (104)_Look up on pole magnetization curve]

[.at density (103).

Where _po : length of outer pole.

FLUX DENSITY IN INNER POLE @ N.L.

Bp i __ (102)
: Ap i =

II

II
I
I

II

I

AMPERE TURN DROP THROUGH THE INNER POLE @ N. Lol

Fpi :L]pi) _NI/inch at density (Bpi) _

-(104b) _Look up on pole magnetization curve_
Ldensity (104a)

Where (_pi) = length of inner pole

FLUX IN ROTATING OUTER FLUX RING AT NO LOAD

1

I
l
i

I
0r : 0g2 = 0g3 = Osh

= (108) : (.80)= (111)

l

I
l
I

I



I

I
I

I

(104d)

(104e)

(108)

(111)

B r

F r

_2

(_sh

FLUX DENSITY IN ROTATING OUTER RING at no load

B r _- ((_r) _- (104c)
(A---_-r (104d)

Where A r : ring cross-section area adjacent to the

outer pole (Po)

AMPERE TURN DROP IN RING at no load.

Fr =((r) _NI/inch at density (Br) ]

= (104e)_Look up on ring magnetization curv_
Lat density (104d)

Where _4 - length of ring

FLUX IN AUXILIARY GAP at no load

(_g2 : (_g3 : Or : 0sh : Opt _'(_ 7

: 102 (_ %- (89)

FLUX IN SHAFT at no load

Q(sh = (_g2 = Or - (_g3

: (108) = (104c) = (I,8,)

33
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(112)

(113)

(114)

(118)

(118a)

(119)

Ash

Bsh

Fsh

(_5

(_g3

Bg3

AREA OF SHAFT (cross-sectional to flux)

FLUX DENSITY IN SHAFT at no load

Bs h : (_sh _ (111)
Ash

AMPERE TURN DROP IN SHAFT at no load

Fsh-_sh [ NI/inch at density (Y-:sh)]

-(114) _Look up on shaft magnetization curv_

[_at density (113)

Where _sh = effective length of shaft

LEAKAGE FLUX ACROSS THE FIELD COIL in Kilolines

(_5 : (P5) Fg2)_(Fg3)_-2(Ft)_-2(Fc_(Fpo)

+(Fpi)_-(Fr)_(Fsh) _ x 10 -3

= (84) _123)_(120)_-2(97)+-2(98)I-(104)

_(104b)+(104e)_l14)_ x 10 -3

FLUX IN AUXILIARY GAP g3

0g3 : 0g2 = (108)

FLUX DENSITY IN AUXILIARY GAP g3

(118a)Bg3 = =

I

I
I

l

I

I

I

I

l

i

I
I
I

I
I

I
I

I

I
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I

I
I

(120)

(122)

(123)

(126a)

(126b)

(126c)

Fg3

Bg2

Fg2

0y

By

Fy

35

AMPERE TURN DROP ACROSS THE AUXILIARY AIR GAP g3

(Bg3) (g3) x 103 - (119) (59c) x 103
Fg3 - 3.19 3. 19

FLUX DENSITY IN AUXILIARY AIR GAP

AMPERE 'TURN DROP ACROSS AUXILIARY GAP (g2)

(Bg2)(g2) _ (122)(59a) x 103
Fg2 = 3. 19 x 103 3. 19

FLUX IN YOKE

YOKE DENSITY

By - (_Y) _(126a)

Where ay = yoke cross-sectional area

AMPERE TURN DROP IN YOKE at no load

Fy- _y _ N-I/inch at density (By)_

m

: (126c)_ Look up on yoke magnetization curvq
! J_at density (126b)

Where _ y = length of yoke
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(127)

(127a)

(127b)

(127c)

(128)

FNL

IFNL

EFNL

SF

A

TOTAL AMPERE TURNS at no load

FNL = _(Fc)_-2(FT)i-(Fpo)_(Fpi)_'(Fr)+(Fsh)÷(Fg2)4-(Fg3)_-(Fy) _

- 2(98)_-2(97)+(I04)I-(104b)_ 104e)i-(114)_(123_-(120)_(126c)

FIELD CURRENT - at no load

IFN L _- (FNL)/(NF) = 127)/(146)

FIELD VOLTS - at no load. This calculation is made

with cold field resistance at 20°C for no load

condition.

EF - (IFNL)(Rf cold) = (127a)(154)

CURRENT DENSITY - at no load. Amperes per square inch

of field conductor.

SF - (IFNL)/(acf) = (127)/(153)

AMPERE CONDUCTORS per inch - The effective ampere

conductors per inch of stator periphery. This

factor indicates the "specific loading" of the

machine. Its value will increase with the rat-

ing and size of the machine and also will in-

crease with the number of poles. It will decrease

with increases in voltage or frequency. A is

generally higher in single phase machines than

in polyphase ones.

A = (IpH)(ns)(KP) (8)(30)(44)

(C) (_s) = (32)(26)

I
I
I
l

I
I

I
I
I

I

I
I
I

I
I

I
I

I
I
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I
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I
I

I

(129)

(130)

X
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X_

REACTANCE FACTOR - The reactance factor is the quantity by

which the specific permeance must be multiplied to

give percent reactance. It is the percent reactance

for unR specific permeance, or the percent of normal

voltage induced by a fundamental flux per pole per

inch numerically equal to the fundamental armature

ampere turns at rated current. Specific permeance

is defined as the average flux per pole per inch of

-_ore length produced by unit ampere turns per pole.

100(A)(Kd) 100 (128)(43)
X -

42(C1)(B _ x 103 _ (71) (95) x 103

LEAKAGE REACTANCE - The leakage reactance of the stator

for steady state conditions. When (5) = 3, calculate

as follows:

x_; xE(_i)÷(_,)_=(79)E(62)+(6_)7

In the case of two phase machines a component due

to belt leakage must be included in the stator leakage.

reactance. This component is due to the harmonics

caused by the concentration of the MMF into a small

number of phase belts per pole and is negligible for

three phase machines. When (5) = 2, calculate as

follows:

0d Olii°°1: _)_e)_ _ - : (6)(.) (,,)

X_ = X_(}k i)+ (_kE) + (_B)_ where/x B = 0 for 3 phase machines,

xz. (_9)_(6_.)+(64)+ (80)-]
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(131)

(132)

(133)

(134)

(145)

(146)

(147)

(148)

(149)

Xad!

Xaq

Xd

Xq

V r

NF

_tF

REACTANCE - direct axis - This is the fictitious reactance

due to armature reaction in the direct axis.

Xad = (X)(_a)(C1)(CM)= (129)(70)(71)(74)

REACTANCE - quadrature axis - This is the fictitious

reactance due to armature reaction in the cbuad, axis,

Xaq = (X)(Cq)(_,a) = (129)(75)(70)

SYNCHRONOUS REACTANCE direct axis - The steady state

short circuit reactance in the direct axis.

X d = (X_) + (Xad) = (130) + (131)

S_NCHRONOUS REACTANCE - quadrature axis - The steady

state short circuit reactance in the quadrature axis.

Xq _ (Xe) + (Xaq) = (130) + (132)

PERIPHERAL SPEED - The velocity of the rotor surface in

feet per minute

Vr = 7_(dr)(R TM) = _(lla)(7)
12 12

NUMBER OF FIELD TURNS

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this item = 0.

for round conductor.

I

I
I

I

I

I
I

l
I

I
I
I

I
I

I
I
I

I
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I

II

I

I

I

I

I

I

II

I

(15o)

(151)

(152)

(153)

(154)

(155)

(156)

Xf°C

Pf

Pf

(hot)

acf

Rf
(cold)

Rf
(hot)

39

FIELD TEMP IN °C - Input temp at which full load field loss

is to be calculated.

RES_TIVITY of field conductor @ 20°C in micro ohm-inches.

Refer to table given in item (51) for conversion fac-

tors.

RESISTIVITY of field conductor at Xf°C

jof (hot)=?f (_Xf°C)+ 234.5__ = (104)E(150) + 234.5-?,

CONDUCTOR AREA OF FIELD WINDING - Calculate same

as stator conductor area (46) except substitute

(149) for (39)

(148) for (33)

COLD FIELD RESISTANCE @ 20°C

Rf (cold): (,Pf)(Nf) (/tf)
(acf)

: (151) (146) (147)
(153)

HOT FIELD RESISTANCE - Calculated at Xf°C (103)

Rf (hot) = (_f hot) (Nf) _tf)
(acf)

= (152) (146) (147)
(153)

WEIGHT OF FIELD COIL in lbs.

of copper = .321(Nf)_t_)(acf )#'s

= . 321(146)(6)(147)(153)
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(,_57)

(16o)

(160a)

(160c)

(161)

Pe

W__EIG__H_T O__F ROTOR IRON" - Because of the large number of I

cCfferent pole shapes, one standard formula cannot I
be used for calculating rotor iron weight. Therefore,

the computer will not calculate rotor iron weight. I

The space is allowed on the input sheet for record _

purposes only. By inserting 0. in the space allowed I

for rotor iron weight, the comuuter will show "0". I

on the output sheet. If the rotor iron weight is avail.

able and inserted on input sheet, then the output shee_ I

will show this same weight on the output sheet. I

FIELD LEAKAGE REACTANCE I

. . F _--Cl)/(Cm)-'_ ]

XF : (Xad) ]1-2(Cp) 4- 4(_,F) ] I

L I
: (81) _ _"71)/(74)-] ]

L 2(73). 4(160c) /

j I

Pe= P _1+ P2*P3+ 1)414 P5

(6) (_0)-t- (81) _" (82) + (83)-] * (84) I

ROTOR LEAKAGE PERMEANCE per inch of stator stack

- Pe = (160a)
kF-T -0_

FIELD SELF INDUCTANCE

Lf = (Nf) 2 _p)ECp)(_ka ) _'÷ (Af)_ x i0 -8

= (99) 2 (76) E(73)(70)_ + (160C_ X 10 -8

I

I

I

I
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(166)

(167)

(168)

(169)

(170)

(172)

!

X du

!

Xd

Xd

YY

X
q

X2

X0

41

UNSA _'- _TED TRANSIENT REACTANCE

T

X du = (Xl) + (Xf) = (130) + (160)

SATURATED TRANSIENT REACTANCE

X' d = .88(X'du ) = .88(166)

SUBTRANSIENT REACTANCE in direct axis

X" d = (X'd) : (167)

SUBTRANSIENT REACTANCE in quadrature axis

TT

X q = (Xq) = (134)

NEGATIVE SEQUENCE REACTANCE - The reactance due to

the field which rotates at synchronous speed in a

direction opposite to that of the rotor.

X2 = .SCX"d + X"q]= .5 _168) + (169)]

ZERO SEQUENCE REACTANCE - The reactance drop across

any one phase (star conn'ected) for unit current in eact

of the phases. The machine must be star connected

for otherwise no zero sequence current can flow and

the term then has no significance.

If (28) = 0, then Xo = 0

If (28) _ 0, then



42

(173)

(174)

(175)

(176)

Kxo

Kxli

_Bo

!

Tdo

I

I

(m) (q)(Ep) 2 (Kd)2 COs)+

=(_')_(_E(°_)+(_c)-I+_°°_t('.)+_(_._)_+._.I
(5)(25)(44) 2 (43) 2 (22)

If (30)= 1

H (30) # 1

Then Exo = 1

ThenKxo=_- 2

=_ -2

I
I
I

U (30)= 1 Then Exl = 1

If (30)¢ 1 ?hen:

[- 3(Y') 1"_ F3(31) "__- U(_)(_+ :U(_)(_._)+1

= I- 3(y)

If (31a) __. 667

H (31a) <. 667

I

I

I
I

(Zxo)

_o- (_ E°_(_)-I- -_(_).E-o_(_o)-I

OPEN CIRCUIT TIME CONSTANT - The time constant of the i

field winding with the stator open circuited and with

negligible external resistance and inductance in the

field circuit. Field Resistance at room temperature

(20°C) is used in this calculation.

' = L F _ (161)

T do RF---E54)

I

I
I
I



I
I

I
II

II

i
I

I
i
I

I
I

I
i

!
I

i

II
!

(177)

(178)

(17_)

(18o)

W a

?T

Td

FSC

43

ARMATURE TIME CONSTANT - Time constant of the D.C.

component. In this calculation stator resistance at

room temperature (20°C) is used.

ra = x2 = (170)
2007ff(f)(ra) 2007_ (5a)(177)

{mWT"'T_2{R°_'' , ),-, ,. _,• _-z'n, ,-'o_n cold) (5 (a_2(53)
Where r a = =

Rated KVA X l0 _ (2)_ to _

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wav e.

' (X'd) (167)

Td =_ (T'do) = _ (176)

SUBTRANSIENT TIME CONSTANT - The time constant of the

subtransient component of the alternating wave.

This value has been determined empirically from

tests on large machines. Use following values:

t?

T d = "035 second at 60 cycle

TT

T d = -005 second at 400 cycle

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when the

stator is short circuited.

FSC = (Xd)(Fg) = (133)(96)
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(181)

(182)

(183)

SCR

I2RF

F&W

I

I
SHORT CIRCUIT RATIO - The ratio of the field current to

produce rated voltage on open circuit to the field I

current required to produce rated current on short I
circuit. Since the _oltage regulation depends on the

leakage reactance and the armature reaction, it is I

closely related to the current which the machine pro-

duces under short circuit conditions and, therefore, I

is directly related to the SCR. I

SCR : (FNL)/(Fsc) : (127)/(180)

I
FIELD I2R - at no load. The copper loss in the field winding

is calculated with cold field resistance at 20°C for I

no load condition. I

Field I2R = (IFNL) 2 (Rf cold) = (127a)2 (154)

I
FRICTION & WINDAGE LOSS- The best results are obtained

by using existing data. For ratioing purposes, the I

loss can be assumed to vary approximately as the 5/2

power of the rotor diameter and as the 3/2 power of I

the RPM. When no existing data is available, the I

following calculation can be used for an approximate

answer. Insert 0. when computer is to calculate I

F&W. Insert actual F&W when available. Use same

value for all load conditions. I

Faw = 2.52 x I0-6 (dr)2"5 _p) (RPM) 1"5 I

= 2.52 x 10-6 (Ua) 2"5 (76) (7)1"5 I

I
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(184)

(185)

(186)

W'rNL

W c

WNPL

45

STATOR TEETH LOSS - at no load. The no load loss

(WTN L) consists of eddy current and hysteresis

losses in the iron. For a given frequency the no

load tooth loss will vary as the square of the flux

density.

WTN L = . 453(_ I/3)(Q)(_s)(hs)(KQ)

= . 453(57a)(2 3)(17)(22)(184)

Where I_ : (k) I-_l 2 = (19) _l 2

STATOR CORE LOSS - The stator core losses are due to

eddy currents and hysteresis and do not change under

load conditions. For a given frequency the core loss

will vary as the square of the flux density (Bc).

We- _.4_.I-(D_-(_ (_e_xN_

-1.42_(_)-(24)'](24)(_)(18_)

Where KQ = (k) = (19)

POLE FACE LOSS - atno load. The pole surface losses are

due to slot ripple caused by the stator slots. They

depend upon the width of the stator slot opening, the

air gap, and the stator slot ripple frequency. The no

load pole face loss (WpNL) can be obtained from

Graph 2. Graph 2 is plotted on the bases of open
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I
slots. In order to apply this curve to partially open

slots, substitute b o for bs. For a better understand t

ing of Graph 2, use the following sample:
w

K 1 "s give_, _ G..aph 2 is derived empirically and
i

depends on I_,L,L :m material and thickness. Those_

values given on Graph 2 have been used with success,
I

K 1 is an input _.ld must be specified. See Item (187)

Ifor values of K 1.

K 2 is shown as being plotted as a function of (BG) 2" 5!
Also note that upper scale is to be used. Another

note in the lower right hand corner of graph indicates I

that for a solid line ( ), the factor is read

from the left scale, and for a broken or dashed line _

( __ .... ), the right scale should be read.
m

For example, find K 2 when B G = 30 kilolines. First

locate 30 on upper scale. Read down to the inter-

section of solid line plot of K 2 = f(BG) 2" 5. At this

intersection read the left scale for K 2. K 2 = .28.

Also refer to Item (188) for K 2 calculations.

K 3 is shown as a solid line plot as a function of

(FSLT)I. 65. The note on this plot indicates that the

upper scale X 10 should be used. Note FSL T = slot

frequency. For an example, find K 3 when FSL T =

1000. Use upper scale X 10 to locate 1000. Read

down to intersection of solid line plot of K 3 =

f(FSLT)I. 65. At this intersecti,m read the left scale

I

I
I

I
I

I
I

I
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I

K1
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for K 3. K 3 = 1.35. Also refer to Item (189) for

K 3 calculations.

For K 4 use same procedure as outlined above except

use lower scale. Do not confuse the dashed line in

this plot with the note to use the right scale. The

note does not apply in this case. Read left scale.

Also refer to Item (190) for K 4 calculations.

For K 5 use bottom scale and substitute bo for b s

when using partially closed slot. Read left scale

when using solid plot. Use right scale when using

dashed plot. Also refer to Item (191) for K 5 cal-

culations.

For K 6 use the scale attached for C 1 and read K 6

from left scale. Also refer to Item (192) for K 6

calculations.

The above factors (K2) , (K3) , (K4) , (K5) , (K6)can

also be calculated as shown in (188), (189), (190),

(191), (192) respectively.

WpNL = 7p(d)(._(K1)(K2)(K 3)(K4)(K 5)(K6)

=7/'(11)(13X187)(188)(189)(18o)(199)(192)

K 1 is derived empirically and depends on lamination material

and thickness. The values used successfully for K1

are shown on Graph 2. They are:
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0ss)

(189)

(190)

K2

K3

K 4

K 1 = 1.17 for . 028 lam thickness, low carbon steel

= 1.75 for . 063 lam thickness, low carbon steel

I

= 3.5 for .125 lam thickness, low carbon steel

= 7.0 for solid core

I

I

I

K 1 is an input and must be specified on input sheet. I

K 2 can be obtained from Graph 2 (see Item 186 for explana-_

tion of Graph 2) or it can be calculated as follows:

K 2 = f(B G) = 6.1 x 10 -5 (BG)2-5 I

= 6.1 x 10 "5 (95) 2"5 I

K 3 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

I

I
K 3 = f(FSLT) = 1.5147 x 10-5 (FSLT) 1"65

= 1. 5147 X 10 -5 (189)1.65

(RP_;"
Where FSL T - 60 'Q)

_ (7) (23)
6O

K 4 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

For _'s = , 9

K4 = f(Tss) = • 81(7_s) 1" 285

= .81(26) 1.285

I
I

I
I

I

I

I
I

I
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(191) K 5
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For .9 _ "/'s _5 2.0

K4 = f(_'s) = "79(7"s) 1"145

= . 79(26) 1"145

For'I" s _2.0

K4 = f(_s) = • 92(7-s)'79

- . 92(26)" 79

K 5 can be obtained from Graph 2 (see item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

For (bs)/(g) = 1.7

KS = _(_/g) - . 3 _bs)/(g)--J2.31

.._ r_/(_9__._1
NOTE: For partially open slots substitute b o for b s

in equations shown.

For 1.7_2(bs)/(g ) _ 3

z5 -- f(bs)/(g) : .35 _b_)/(g)] 2

= .35 _22)/(59)_ 2

For 3_(bs)/(g) <--5

Z5 --f(bs)/(g) = •62S_b_)/(g)] X.4

-. 6_ E_2)/(59)]_"4
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(192)

(194)

(195)

(196)

K6

I2R

For (bs)/(g) _5

K5 -f(_)/(g).1.38_bs)/ (g)_.965

- ,. 38_22)/(_9)_-965

K 6 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

K 6 -f(Cl)- l0 L9323(C1)- 1.60596_

-I0 E9323(71)- 1.6U596___

STATOR I2R - at no load. This item 0.

(245) for 100_o load stator I2R.

Refer to Item

EDDY LOSS - at no load. This item = 0.

(246) for 100% load eddy loss.

Refer to Item

TOTAL IX_SES - at no load. Sum of all losses.

Total losses = (Field I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

= (182) + (183) + (184) + (185) + (186)

NOTE: The output sheet shows the next items to be:

(Rating), (Rating + Losses), (% Losses),

(% Efficiency). These items do not apply to

the no load calculation since the rating is

zero. Refer to Items (175), (176), (177), (178)

for these calculations under load.

The no load calculations should all be repeated now

for 100_o load.

l
I

I
I

I

l

I
l
I

I
I

l
I
I

I

I
l
I

I
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(196a)

(198)

(198a)

(207)

(213)

ed

0

07L

OPL

LEAKAGE FLUX PER POLE at 100% load
%

;(ed)(Fg)._- E1 'I- cos ((})_(FT) _- (Fc) _
0_ = 0_[ (Fg) +- (FT) 4- (f C)

= (100) 198)(96) % cos (198a)3(97) +- (98)
_- (97) _- (98)
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Where e d = cos_ _- (Xd) sin

= cos (198a) _- (83) sin (198b)

Where 0 = cos -1 _Power Factor)J

Where _¢ = tan -1 _sin (0)4-cos(Xq)/(100)_(0)

=tan -1 _sin (198a)cos'_"(198a)(134'/ (100)_

Wnere_ = _- 0 ='(1983.) - (1983.)

STATOR TO ROTOR FLUX LEAKAGE at full load

07L=P7 _(Fc)÷2(FT) _* cos(O)]_(Fg2L)_ Fg3 L) _(Fp0L) _(Fpii_)x 10 -3
2

FLUX PER POLE at 100% load

For P.F. 0 to .95

OPL: (Op)_(ed)-" 93(Xad)100 sin _)_

= (92) _198a) .93(131) a)_100 sin (198
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(213a)

(221)

(222)

(222a)

(222b)

(_PTL

(_g2L

BpoL

FpoL

Bpik

For P.F..95 to 1.0

0PL = (0p)(Kc) : (126)(9a)

TOTAL FLUX PER POLE at 10070 load

O. (196a)0PTL = 0PL+_ = (213)t
(6)

AUXILIARY GAP (g2) FLUX

P

0[g2L = ((_g3L) : (_rL) = (0_shL) - (0_pL) -_-(07L)

- (21_/_4(207)

FLUX DENSITY IN OUTER POLE at full load

Bp ° 0[PTL_ (213a)
: Ap °

AMPERE TURN DROP THROUGH OUTER POLE at full load

FpoL = (_po)

- (104)

-NI/inch at density (Bpo

Look up on pole magnetization curve]

JL_at density (222)

FLUX DENSITY IN INNER POLE at full load

(_PTL _ (213a)

Bpi - Api

I
I

I
I

I
I

I
I
I

I

I
I

I
I

I
I
I

I
I
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(222c)

(222d)

(222e)

(224)

(225)

FpiL

BrL

FrL

Bg2L

Fg2L
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AMPERE TURN DROP THROUGH INNER POLE at full load

FpiL :_pi _NI/inch at density (BpiL) _

-(104b) _Look up on pole magnetization curve at_

__density (222b)

FLUX DENSITY IN ROTATING OUTER RING at no load

BrL_ 0rL _ (221)

A r (104d)

FrL = (_r)

= (104e)

AMPERE TURN DROP IN RING at full load

ENI/inch at density (Br)_

Look up on ring magnetization
ensity (222d)

curve a_

FLUX DENSITY IN AUXILIARY GAP under load

Bg2t. : _ - (221)
Ag2

AMPERE TURN DROP IN AUXILIARY GAP (g2)

(Bg2L) (g2) x 103
Fg2L = 3. 19

(224) (59a) x 103
- 3.19
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(226)

(229a)

(229b)

(229c)

(230)

(231)

(_5L

(_yL

ByL

FyL

Bg3L

Fg3L

1

l
LEAKAGE ACROSS FIELD COIL

{-(FrL)+(FshL)_ x 10 -3 I

-(84) _(98)t'2(97)_1 _-cos(198a)_÷(225)_(231)f(222a)_(222,

÷(222e)t(233)t-(229c)_ x 10-3
U

!
FLUX IN YOKE BACK OF COIL at full load

FLUX DENSITY IN YOKE BACK OF COIL at full load

By = (7_ _ (227a)

_yJ

AMPERE TURN DROP IN YOKE at full load

Fy L - _y _NI/inch at density (ByL) _

-(123c) i--Look up on yoke magnetization curv_
[at density (a_)

GAP DENSITY IN AUXILIARY GAP (g_) at full load

((_g3L) _ (221)

Bg3L : (Ag3)

AMPERE TURN DROP ACROSS GAP at full load

(Bg3L) (g3) x 103
Fg3 = 3. 19

(230) (59c) x 103
- 3.19

I

I
I

I

I
I
I

I
I

I
I

I

I



(232)

(233)

(236)

BshL

FshL

FFL

55

IHAFT DENSITY at full load

BshL = (0shL) : (221)
(Ash)

SHAFT AMPERE TURN DROP

FshL : (_sh)

- (114)

F NI/inch at density (Bsh) _

LOok up o_ shaft magnetization curve 1
density (232)

TOTAL AMPERE TURNS at full load

FFL : 2(Fc}I-2(FT) _-cos(0)_ +(Fg2L)#(Fg3L)+(FpoL)t-(FpiL)

_-(Fr L)*(FshL)_(FyL)

= 2(98)*2(97) _ +cos(198a)] + (225}+(231)_(222a)_(222c)

_(222e)+(233)+(229c)
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(237)

(239)

(238)

(241)

(242)

IFFL

EFFL

I2RFL

WTFL

!

!

FIELD I F 100% load I

CURRENT at

FFL = (FL)/(NF) = (236)/(146) I

CURRENT DENSITY at 100% load I

Current Density = (IFFL)/(acf) = (237)/(153)

FIELD VOL____ at 100% load - This calculation is made with ho _

field resistance at expected temperature at 100% load. I

Field Volts = (IFFL)(R f hot) = (237)(155) I

FIELD I2R at 100% load - The copper loss in the field windin_

is calculated with hot field resistance at expected

temperature for 100% load condition. I

Field I2R = (IFFL)2(Rf hot) = (237) 2(155) I

STATOR TEETH LOSS at 100% load - The stator tooth loss I
under load increases over that of no load because of --

the parasitic fluxes caused by the ripple due to the I

rotor damper bar slot openings.

+,-}<,o,
L- I00 I



I
I
I

I
I

I

I

I
I
I

I
I
I

I

I
I
I

I

I

(243)

(245)

(246)

(247)

WpFL

I2RL

57

POLE FACE LOSS at 100% load

=IFKsc)(IpH) (% L°ad) s_ 2
WpFL [[_ (C)(Fg) lOO (n +

_ (WpNL)

(Ksc) is obtained from Graph 3

STATOR I2R at 100% load - The copper loss based on the D. C

resistance of the winding. Calculate at the maximum

expected operating temperature.

I2R = (m)(IPH) 2 (RSPH hot) (% Load)
100

= (5)(8) 2 (54) 1

EDDY LOSS - Stator I2R loss due to skin effect

Eddy Loss =
EF top) + (EF bot) - 1_2

(Stator I2R)

TOTAL LOSSES at 100% load - sum of all losses at 100% load

Total Losses = (Field I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core' Loss) + (Pole Face Loss)

+ (Stator I2R) + (Eddy Loss)

= (241) + (183) + (242) + (185) + (243) + (245) + (246)
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(248)

(249)

(250)

(251)

I

I

RATING AND

% LOSSES

= 3(4)(8) (9)(1.) x 10-3

LOSSES = (248) + (247)X|O"_

= _Los_,_*dS_ating+ _£Losses_100

% EFFICIENCY = 100% - % Losses

= 100%- (250)

These items can be recalculated for any load condition by

simply inserting the values that correspond to the % load

being calculated. The factor (% Load) takes care of (IpH)
100

as it changes with load.

Note that values for F&W (183) anct W C

(185) do not change with load, therefore, they can be cal-

culated only once. I

I
I

I

I
I
I

I

I

I

I

I

I

I

I
(Stator Core Loss) I

RATING IN KILOWATTS at 100% load

Rating = 3(EpH)(IpH) - (P.F.) (%100L°ad) x 10-3 I
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AXIAL AIR GAP LUNDELL GENERATORS

Axial air gap synchronous generators have definite design limits that allow the

prediction of generator output from stator O.D. and RPM.

I

I

I
I

I
I

I
I

Discussion

When the axial air gap machine is worked to definite limits of current loading

and air gap density, simply specifying the speed and the KVA output determines

the _._ameter _ _ s_tor.

To determine the size of a specific type of generator at different speeds and

ratings, a stator current loading limit and an air gap density limit should be

assumed. For the determination of the size of the axial gap generators, an

ampere loading of 900 ampere-conductors per inch of circumference of the

stator has been used. This circumference is at the average diameter .=
OD + ID

2 . The gap density has been fixed at 40 K1/in 2. This density is the

actual maximum of the flux wave under each pole. The equations used assume

a sine wave of flux, or that the maximum fundamental of [he pole flux wave is

equal to the actual maximum of the flux wave. For concentric poles (square

flux waves), this occurs at a pole embrace of 55%.

I

I

I
I

40 Kl/in 2 gap density and 900 amp-conductors per inch are set as the design

limits.

The following discussion explains the derivation of the output equation used to

determine generator sizes.

The output of a three phase generator is KVA =

i The voltage is defined by -
_T (RPM) Cw Ne

ELL =
60 x 105

See derivation elsewhere in report.

ILL ELL

103
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Where _T = Hypothetical total flux in air gap in Kilolines,

ELL C 1 Kd
= = .39C

Cw M Eph " _ 1

m = No. of phases

C = Ratio
1

maximum fundamental

actual maximum
of the flux wave = 1.0 for sine wave

Ne = Total effective conductors in the machine

The basic voltage equation is substituted in the output equation.

YY
KVA = ELLI L _ =

_bT RPM C w Ne I _f3

60 x 105 x 103

OT = BGap AGap and

ATfD
I = _ where

Ne

A = Ampere wire/inch loading of stator based on the average diameter
of stator

KVA=
Bg (TYD4) RPM (.39 C1) Ne ]/3 A_D

60 x 108 Ne

KVA =
Bg9.85D 2_cRPM.39C1A Y_

60 x 108

2
Bg D _c RPM A

KVA = Basic eqn.
90 x 107

For axial air gap machines

D = average diameter of stator

OD+ID
m

2

I
I

I

I

I
I

I
I

I
I

I
I
I

I
I

I
I

I
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For radial air gap machines

D= rotor diameter.

To allow a general treatment of the axial air gap machine,

will be considered to have the following characteristics:

Stator OD -- _ stator ID
i

Gap density = Bg = 40 K1/in 2

Ampere loading = A = 900 Amp. Cond.
in.

the typical design

I

I

I
I

I

Then,

C 1 = Field form factor = 1.0 (assume sine wave)

Bg D2avg _c RPM A I
KVA=

90 x 107 I

OD + § OD 5

Davg = 2 = _ OD

and,

25 1 RPM (900)
KVA = 40 _-6 (OD)2 _ (OD) 7

90 x 10

4.63 (OD) 3 RPM
KVA =

10 6

Area of stator = . 437 (OD) 2

Total flux = 40 (Area of stator) = 17.5 (OD) 2 K1.

I
I
I

I

_p ffi approx. P-6-_s x . 56

shaft ffi approx. _T x . 27 i
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2
When the ID of the stator is fixed at _ OD, the diameter which divides the sta-

5
tor into two equal areas is . 85 OD. The average diameter is _ OD or . 835 OD

-- a 1.75% difference. This difference will be ignored and the average diameter
5

OD will be used as the design diameter for all calculations.

For axial air gap generators

4.63

KVA = _ (OD) 3 RPM

OD

3

4

5

6

7

8

9

10

11

12

13

14

(OD) 3

27

64

125

216

343

512

730

103

1330

1728

2197

2744

4.63

XT_o

.125

• 296

• 58

1.00

1.59

2.37

3.38

4.63

6.16

8.0

10.15

12.7

(10-3)

(10-3)

(10-3)

(10-3)

(10-3)

(10-3)

(10-3)

(10-3)

(10-3)

(10 -3)

(10-3)

(lO-3)

x 6000

.75

1.77

3.48

6. O0

9.55

14.2

20.3

27.7

37.0

48.0

61.0

76.3

12000

1.5

3.5,_

6.96

12.0

19.1

28.4

40.6

55.4

74.0

96.0

122.0

152.6
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KVA for RPM Shown

I

I
OD 6000 8000 10, 000 12,000 15, 000 20, 000 24, 000

3

4

5

6

7

8

9

i0

II

12

13

14

.75

i. 77

3.48

6. O0

9.55

14.2

20.3

27.7

37.0

48.0

61.0

76.3

1.0

2.36

4.63

8.0

12.7

18.9

27.1

36.9

49.3

64.0

81.3

i01.5

1.25

2.95

5.8

I0.0

15.9

23.6

33.8

46.2

61.7

1.5

3.54

6.96

12.0

19.1

28.4

40.6

55.4

74.0

80.0 96.0

I. 88

4.42

8.7

15.0

23.9

35.5

50.7

69.2

92.5

120.0

102.0

127.0

122.0

152.6

153.0

191.0

2.5

5.9

11.6

20.0

31.8

47.2

67.6

92.4

123.4

160.0

204.0

254.0

3.0

7.08

13.92

24.0

38.2

56.8

81.2

110.8

148.0

192.0

244.0

305.2

I

I

I
I

I
I

I
I

I
ESTIMATING THE COIL WEIGHT AND I2R LOSS

Based on 80% ratio of Field Copper Area for field coils and a current density
Total Coil Area

of 5000 amps/in 2, 4000 ampere turns would require one square inch of coil

cross section.

Assume a square copper coil in all cases then using the coil inner diameter; d:

AT A0.___WT = c + 4000 x .321 lbs. (1)

Where d = coil inner dia, inches
C

Here the weight of coil hangers and insl. is estimated at

20% of the total.

I
I

I

I
I

I
I



l
I

I
I

I

I

I
I
I

I

65

I2R Loss fAmps_2_In.-J _ (106)• 321

Where j0 = Coil resistivity in microhm inches

at 400°F and 5000 amps/in 2 in CU, use Wt. obtained in equation

0)x .8

I2R Loss 25 (1.17). 8 (WT Coil) 73 (WT.) Watts (2)
= .321 Gross =

@ 400°F (240°C)

ROTOR STRESSES

The speed and rating obtainable from a generator are functions of allowable

rotor stresses•

The brushless generator rotors can be made into composite cylinders and

preliminary stress tre3tment can be on the basis of a cylinder of homogeneous

material.

I Maximum stress in a homogeneous solid disk is -

1 _W 2 (3 + v) R 2

I Max" Sr = MAX_t= 838---_'4"4

R = disk outside radius, inches

!

I

I

)VV = RAo/SEc

v = Poisson's Ratio = .26 for steel (general approximation)

in3
_= density LB/ = .283 for steel/t4 = $_/_'_'

.283 (2 rl) 2 N 2
S = 8 386.4 (3600) (3.26) R 2 ) $ _ es

I 3.26 N 2 R 2--10-_

I

I
A more realistic condition usually is represented by a cylinder with a hole in

the center.

I



66

The maximum stress in a homogeneous circular disk or a cylinder with a small

hole in the center is:

_ i _w2 R2Max St 4 386.4 _3+v) + (1-V) Ro 2

R = disk outside radius, inches

R ° = disk inside radius, inches

If R o is small and insignificant

1 _W 2 (3+v)R 2
Max St = _ PSI

This equation gives twice the stress calculated in a disk without a hole or -

6.52 N2 R 2
S t = 106

I
I

I
I

I

I
I

I
I

I
I

I
I
I

I
I

I
I
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EQUIVALENT CIRCUITS FOR

SYNCHRONOUS GENERATORS

B
m_
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Introduction

In the statement of work describing this study, an equivalent circuit

is requested. The description in part reads: "The circuit and

parameters chosen and evaluated should be capable of completely des-

cribing both steady state and transient performances including various

overloading and short-circuit capabilities."

"Parameters for the equivalent circuit are to be derived and evaluated."

"Transfer functions and time constants are to be _^-_ _ _A_ve_ _.._ evaluated."

"All applicable reactances are to be derived and evaluated e.g., syn-

chronous, positive and negative sequence, transient and subtransient,

direct and quadrature axes, armature, leakage, armature reaction, etc."

This section contains a derivation of an equivalent circuit submitted

to satisfy the requirement for a circuit describing steady state and

transient performance. This circuit also describes the performance

of the generator when subjected to unbalanced loading.

The derivation of the equivalent circuit described here is an original

work by Liang Liang.

Overloading, short-circuit capabilities, time constants and reactance

are derived and calculated elsewhere in the study.

The equivalent circuits themselves are on Pages 31, 33, 72 and 73.

The symbols are on Psges 2 and 3. Derivations and explanations are

given ston-by-step.

I
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Nomenclature

- torque

- distance

- velocity

F - force

- current

- flux linkage

_u - frequency in rad/sec

R - resistance

L - inductance

e - power factor angle

- reactance

p - power

J - moment of inertia

D - damping factor

E - conversion constant

f - frequency in cycles per sec

P - number of poles

M - mutual inductance

N - turns of winding

Z - impedance

s - Laplace operator

_(s)- transfer function

_(s)- power density spectrum

_(,)- correlation function

Subscript

R - resultant

_ - reference frames

- electromagnetic

d - direct axis

q - quadratic axis

- armature

f - excitation field

md - direct axis magnetizing component

mq - quadratic axis magnetizing component

Dd - direct axis damper bar

Dq - quadratic axis damper bar

g - generator

- armature leakage

_c_ - field leakage

o - zero sequence

s - shaft

t - terminal

L - load

_- )
)

b - ) phases
)

c - )

A - load of phase

B - load of phase b

C - load of phase c

- input
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I

I

I

T - time constant

A - amplifier

C - capacitor

ST- summing junction

t - time

E(s)- voltage

I

I

I

- error signal

_- integrator

-_ - operation amplifier

_._ -- multiplifier

_-- square root

0 - potentiometer

- high gain amplifier

I [] - square

X - state vector

I __ - control vector

__ - disturbance vector

I A - coefficient matrix

B - _.Y'{v;.S matrixI
- exponential

I

Subscript

_b - between phase % and b

bc - between phase b and c

c_- between phase c and

T - rated

fb - feedback

g - generator

- excitation

ss - steady state



I

I

I
I

i
I

I

l
I
I

l
I

l
I

I
I

I
I

4

i. Assumptions

(a) Symmetrical three phase, delta or Y-connected machine with field

structure symmetrical about the axis of the field winding and inter-
polar space.

(b) Armature phase If in effect, sinusoidally distributed.

(c) Magnetic and electric materials are rigidly connected.

(d) Neglect eddy current in armature iron.

(e) Neglect hysteresis effect.

(f) Neglect magnetic saturation (optional).

(g) Rotor considered as stationary reference frame.

(h) Parameters are time invariant.

e Classical Approach

For all electric machines, the dynamic equation of Lagrange applies (in tensor):

T __ J___l_ _ _ ¢,_

The stator and the rotor of the machine are considered as reference frames

respectively. This holonomic expression has to be transformed into unholonomic

before the two-reaction theory, can be applied. That is, to choose an arbitrary
frame (stator or rotor) as sta_lonary and the other considers it as reference.
ThUS -

: t._- __'<)c. c,

_- non-holonomic object

m transformation tensors

The complexity in solving the problem directly is obvious; therefore, other
approaches are used.

I



3. Basic Equations

By means of the two-reaction method and by choosing the rotor as the station-

_y reference frame, the representation of the dynamic behavior of synchronous

generators can be written in set of ordinary differential equations. The

reference frame is resolved into direct and quadratic axis.

Armature -

I

I

I

I

I

I

I

= dT

Field -

J %

I Damper bar --

I

I

I

I

I
Ze_p sequence -

eo= -RoLo + -Z V'o
_t

I _--a L-- 0 C'_
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Electroma_etic torque -

6
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Fig, 1 Physical Arrangement

+

Representation
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4. Simplification

If detailed accuracy is not essential, it can be traded for simplification.

Damper bar, armature resistances and leakage reactances have relatively

small effects on voltage, current and phase relationship in a normal steady

state operation. Therefore, they can be ignored.

Additional simplification can be made in a situation where only the steady

state condition of a synchronous generator is considered in a complex system.

Since all the time dependent variables become constant as the transient

settles down, their rates of chan_e approach to zero. A set of algebraic

equations is derived below.

9
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5. .__Inputs and Outputs

(a) Most literature in discussing the synchronous generator choose the fre-
quency_g and the field excitation voltage ef as inputs and the terminal

voltage which is resolved into two-axis components as outputs. They are

applied to the balanced loads while the direct and quadratic currents
feedback to the generator.

w-

T t
L

!

I
I

e_

e_

C_

I

i ....]

B.alanced load simulation

It should be recognized that the functions of ed, e_q and _ ,

_q can be reversed.

(b) For a more detail representation, electric-mechanical relation can be

included. Thus, the fluctuations of the frequency and of its dependent

I variables can be observed. Otherwise, the shaft speed we has to be as-sumed well regulated to stand against any disturbance. Consider the

shaft is rigid.

!

I
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(c)

Drhere pi is the input power, _5_ input torque, and P, number of poles.

The moment of inertia J should include that of the prime mover. The

damping factor D is a non-linear element which consists of mechanical

losses like friction and windage. The latter is proportionalto square

of shaft speed's.

The power supply for the field excitation of a synchronous generator

ideally comes from a battery. In practice, it is either from aDC gen-
erator or by means of static excitation for the purpose of regulation.

(i) The transfer function of the output voltage and the excitation

voltage of a DC generator in frequency domain is

t

1

I.

i

I

I

I

I

I

I

(ii)

Fig. 6 DC generator

Static excitation for synchronous generator becomes widely accepted

for obvious reasons like faster response and the elimination of

rotating excitation machine. A typical approach is stated as fol-
lows: Excitation is provided to the generator from load currents

through current transformers and rectifiers. The voltage regula-

tor plays the role of no-load excitation and regulation of terminal

voltage under different load conditions.
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Such a method Can be applied, for instance, for a two-coil Lundell

generator with both the armature and the field stationary.

Fig. 7

Static Excitation

_T = K£_ 07}

12
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(d) For a detail study of synchronous generator, unbalanced load simulation

is suggested. The affects of all kinds of faults due to the load can

be pictured simply by adjusting the load parameters. Balanced load con-

dition is only a special case. The major feature of an analog simula-

tion is to convert DC representing voltages of e_ and e%/ into three
phase AC components e_,, _b and ec which are applied to the

unbalanced load. The AC components _, Ab and _c are converted back into
DC level before feeding back to the generator. Certainly the price to

pay for is complexity.

e_` . b._Co,.,,,¢,.--e,_,-I

Z,a,

k.J

"_.,dlA

LC _

Fig. 8 Unbalanced load analog simulation

I
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6. Conversion

For the unbalanced load simulation, the direct and quadratic output voltages
of the generator have to be converted into corresponding three phases before

applying to the load. Similarly, the currents from the load have to be con-

verted back into direct and quadratic components before returning to the
machine.

_0

=-/-/<./e + _ + _ "eo

lh

I



I

I The load is nor_ally expressed in Y,connection. If delta load is used, proper
connection of load can be made as in the analog simulation or convert them

into Y-connection by using the following equations z

I C e_ ................

!

! Fig. 9 Delta to Y-connection conversion

!

!

!

!

!

!
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I

I

7. Load

Ca)

II

_eI

I

Balanced load -

Balanced load can also be resolved into two-axis_ direct and quadratic

components. Only the resistive and inductive load are considered.

I

I

l

The load can be expressed in another form.

'_oJ._- ............... _A-I-
),z,l /z,/

" -- _"_ _ Ca"_

I=LI

| Iz_l : _+,_,-_
: _-'C_/F_ )

I Thus, the load is governed by the power factor9 or vice versa.

I

I

(b) Unbalanced load -

Again, only resistive and inductive load are considered.

inductances among the loads are included.

Howeverp mutual

I 77-- #,,__'__i_,___,-

I
I

I

JL6
-i_ _, _ /_. _ _

_--q .-_-(

I

I
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. Parameter

All the _chine parameters are practically time invariant. Their derivations

can be found in the enclosed design manual or other standard texts on syn-

chronous generator. Usually inductive reactance are given. To obtain the

absolute inductive value, divide the reactance by the rated generator frequen-
cy. The unit of frequency should be in radians per second. The direct and

the quadratic reactances computed from the design manual have taken care of

whether the armature winding is Y or delta-connected as well as the number of

pole pairs.

9. Time Constants

Direct-axis open-circuit transient time constant

Direct-axis short-circuit time constant

J_/:l

T_.-= 7-_ L-i
1_e_e

L " I '/_/ : _._.-I-_ _ ....,-...,

With external inductive load, the direct-axis short-circuit time constant is

adjusted to

T_, T _
Z__ + £_ _'_L

There is no definite formula to compute the direct-axis short-clrcuit sub-

transient time constant. Usually it is obtained from measurement.
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I

I
I
I

I
I
I

I
I
I

I
I
I

I
I

"-L-

i

0

\

\
_syrnl'_ _ _rCl

Fig.lq
Short circuit transient time

constants measurement

!
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I0. Non-Linear Elements

(a) The basic equations -

etc., are non-linear. The non-linear term _% _ in this equation

is introduced because of the transformation from holonomic reference

frames into non-holonomic and so as the other analogous.

(b) Magnetic saturation -

It is an inherent property of magnetic material. Usually for the de-

sign of generators a steel of low retentivity is used. The hysteresis

loop is narrow and thus its effect can be neglected. An average
saturation curve can be used to describe the characteristics of the

magnetic path.

) .

I /_<' ,.-Av<_,_j<_O_ef;z.-t-,,,_, _.,,-ve

.......... :;/--- .............. _ _,.$...

/

Fill. lla Magnetization curve

19
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I

e_

0

The average magnetization curve can also be expressed in terms of
and

/
& ,j r _ _,,-.,n

,f-

=,

0
f

Fig. llb Magnetic saturation approximation

The compensation _ versus the terminal voltage e_ is derived from

the difference between the air gap line and the no-load saturation

CULl're.

Further approximation can be developed by assuming _independent or

saturation (corresponds to path mostly in air). Only_ varies with

the flux. As the generator starts to saturate,_ changes according-

ly. This can be approximated by adding a factor to _ by the amount

proportional to the difference between the air gap line and the no-load
saturation curve. If the operating point is below the knee of the

curve, a linear relation can be assumed.

2O

I



(c) Mechanical elements -

As in the more detail simulation, the mechanical relation between the

prime mover and the generator is included.

I

I
I

I

I

(i) If gear is used for coupling, there will be backlash.

y C>

./
/

//
/

/
/

Fi_. 12 , Backlash

(li) Sometimes a mechanical damper is used to eliminate the mechanical

resonance near the low speed end.

I

I

Fig. i_ Mechanical Damper _¢smom_

(ill) The windage and friction loss is proportional to the square of

the shaft speed.

21
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a

| A_o_,_la_io_0,

I (i) Magnetic saturation - (approximated)

' l-
a N? .......... t

Fig._a i
i "

CDA

(ii) Mechanical relation -

l

l

I

I Oc;

I

I
I

I
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11. Linearization

I

I

I
i

I

I
I
I

In the basic equation

the non-linearity is introduced by the product of two time varying functions

_Fand _ . Since all the variables are continuous functions of time and
are likely to be monotonic, linearization is possible. For small increment

(Derivation is inof change, the equation can be written in a linear form.

section T___. _ , etc., are stead_ state values.)

For constant drive generator, _ _ _ o

To co,pare with the original equation by setting _ - _'_ , the choice of
magnitude of the increments for accuracy becomes obvious. Indeed they can be

simply expressed as -

f" .

I Another alternative is that the flux linkages are kept constant.
currents are iuvariant. Neglecting Rc_

I

I
I

I
I

I

Thus all

the voltage will be directly proportional to the generation frequency.

However, when the change /_ _ and _are considered simultaneously,
the ¢o_$tra._ts of the increments are imposed. A larger value of increment will

sacrifice the accuracy_ Since a steady state value of _ has been chosen as

the coefficient of _ _, on the other hand, _o_ is t_e varying and its
relatively large change'will make _ invalid. Similar argument applies to

the term _ _ _ and other rela_ed equations.

The linear transfer relations are_

_i_.,,

(a) Constant speed (b) Constant flux linkage

I
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I
_i_!_-, Per ,._ s_rs_ ..........

It may be convenient for some individuals to use per unit system instead _
absolute value. -_ . -

I

I
I

I

I
i 1.3.

I

I
I

I
I

Quantity in per unit
actual quantity

base value of quantity

Power density spectrum

If the input is in power density spectrum form and the generator is linearized

and expressed in frequency domain as G(S) and its conjugate G(-S)

assuming the input and output spectrums are autocorrelated.

can be converted into mean square value_ say of e_ •

5

The output

i
I

I
The evaluation can be implemented analogously or by using the table of

integrals which can be found in many advanced control engineering texts.
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I

I Flg. 16a Power denslt_ spectz-_

I

I

I

I

I

I

I
Flg¶ 16b Analo_ simulation

I

I
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I 14. Faults

i Faults are restricted to the load. They may be line to line, line to

neutral, etc. In the unbalanced load simulation, the faults can be pic-
tured simply by appropriate arrangement or by adjusting the load parameters

I of the corresponding phase. For example, if phase du is shorted to neutral,
set RA - O ; LA - O .

I
_:tictei:h:_:=tbh:°::ticallYo_e_dla_r become _inity. In computer

i . .. . .many --ger _han _he normal value. Use the
same zacD1c as in cases llke I/LA , while LA is zero,

i 15. Converter

In the unbalanced load simulation, converters are required to generate oU0
I _ugt and_-s'_wgt as functions of_. (Refer to _s. (39) - (43)) By

Laplace transformation o

II _ 4--
e analog simulation -

l _ --A

I
__oe ,_ -,_. ... _!

Fi6. 17 DC to AC converter ana!og
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16. Minimum Time Starting,

It has been proved theoretically that switching control can achieve the

minimum time for a system to reach its steady state value after a step
disturbance. Due to the inherent defect of physical components like dead-

band and frictions, dual-mode control is suggested. That is, the switching
control takes care of large error signal while the linear control takes

care of the small error signal in the feedback control loop to generate

the manipulated input_ say excitation voltage e_ for the synchronous
generator. (Constant shaft drive)

____'JL _ _ __

C o.t_,ollcv

p_vmL_t&le e_t

i

Co,,'b.ro((er i°"a'_e

P_ a_,_

Ge_era'6ov. i
___ , ml

Fig. 18 . Dual-mode control for minimum time startln_

2?
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I To start a synchronous generator, considering the shaft drive has assumed

its constant speed, the reference as a step function is applied. The

I optimum switching boundary computer recognizes the zero initial state and
the final state from the reference signal and decides the switching points
according to the orders of dynamics of the plant. (For an _t_ order linear

I time invariant control_.lble system, with poles real and non-positive, re-quires no more than 11 i switchings and an inltial-on and s final-off
operation to reach final steady state in minimum time. ) _,_en the error

i signal falls within the dead-band of bang-bang controller, the linear con-trol takes over.

I A_PLrru'rE.

I

I

I SX(STE I'¢l

STEADy -- -- 7_------_---- -I STATE /_' _

VALUE _' x_ SWlTCI-ilI_I_ POINT

Y

| o TIME

I

I Fig. 18a Second order system step function response

I

I

I

28
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17. Modern Control Formulation

L

r

!
I
!

v

m

m

Fig. 19a Multiva.riable process

state vector

control vector

disturbance vector

For a stationary process, the dynamic characteristics are -

differential state vector

coefficient matrix

driving matrix

The solution will be - (from initial state at time to to final state

art )

_({3= E',¢,A (.'_-*o_,! (.'(-'3

Exp" Exponential
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I II BALANCED LOAD

I I. Analog Simulation

Use the basic synchronous generator dynamic _G (3) to (13), (16) and

I balanced load e_ (51) to (54). The operating frequency is absorbed intothe reactances s'uch as _d "_0_L_4 where uJ_ is the rated frequency.

Per unit system is used. After s me manipulation, a block diagram is

concluded in Fig. I where

I
I

To% = _ m_

For the sake of convenience, Laplace operator S is used for differentiation

I while I/S, for integration with initial condition, equals to zero. Magnetic

saturation is approximated.

I The inputs to the generator are frequency_ and excitation voltage e_.

I The transfer functions appear in the block diagram.

s/.,.., r
i-_"r'_&- _/_r

I

I
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The analog computer simulation is in Fig. II. Notice the difference

between the circuit representing the first order transfer function and
the differentiator.

L

CRLC)_+I

Fig. 20a First order transfer function

C

I

Fig. 20b Differentia tor

!
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The basic values of the components in the presenting analog computer

are:

Fig. 21

= i00 K resistor

= I00 K resistor

for an operational amplifier with unity gain. While

= I0 microfarad capacitor

= i00 K resistor

for an integrator with unity gain and a time constant of one sec.
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I
Pot. No. Variable

2 Scaling constant

I

I _ __
V

I

I 8 -1-_%

I

I 9

I
lO iIi_ +

I

I

I
ll

DC.u Ar 0,"75 P._.

I 12
_- AT 0.7S _._.

I

I 14

I

I
15

35

Setting

0.2

O.253

0.318

O.054

0.137

0.661

0.75

0.536

0.248

I
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I
!
I

I

I

Pot.

16

17

18

19

21

22

23

26

28

NO. Variable

Scaling constant

%.

AT 0 75P_

_-_. eF "i°-T-

I/2.._._d

.50 oOr

2.0 "f._d

36

Setting

o.661

0.5

0.317

0.75

o. 083

0.175

0.361

0.27

0.98

m
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56

57

58

Component

R 1

R2

R3

R4

Time scale:

Variable

Scaling constant

uU_ "/_,d "/_,ol '_, I0"

Value

306 K -zk-

IO K --fl_

185 K -r_-

iOO K -a'L-

Component

C 1

C2

Real time: Computer time = iOO:i

37

SettinR

1.0

0.2

O. 205

o.o55

0.205

o.o53

Value

i0 uf

1 uf
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I 2. Digital Computation

(i) Linearlzation:

| I_t ed = gd ÷Aed

I
I

I

I

I

I

I

where ed is the steady state value and Aed, a small increment

of change. The same definition is applied to other variables.

Let

3_< zl uj

I

I

I
I
I

Substitute the relations into the original equation.

Similar procedure is applied to the other basic equations.

results are expressed in matrix.

The

39
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I

I
Laplace transformation has been applied with initial conditions

I equal to zero. In order to simplify the problem, neglect
damper bar, armature resistance, magnetic saturation, armature

and field leakage inductances. Eqs. (76) to (78) and the

l balanced load equations become:

F ;l
I _y. k 4_ q.

I _e s 5 o o A_i o-

i . ,[_ o o ax_m + o o o
I o o o d_

J_d = Z_d-i_d o I_.4

II " " r "

,_es. (,, sz.d -mz_q, _ Idzf

I

I

41

(so)

I
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I
Assume constant generater frequency.

I That is_2_ = O. From eqs. (79) to (82). First

_ _ id and _ iq.

I L-=/#_d_'f-_z.#z?-

42

-z_# j

solve for

I

I



I
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=+,@,-z,.,,+',,e,,.7

I

I

I

I

I

I

I
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Z2 "--

z_d _z_g _ zz_ j

The coefficients can be approximated.

I

_Z

X.,,,dA-
,x--
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I
I

I
I

I
I
I

L_f- ____Rf
Z= ,.a,._dez,-,,d_ ,,Z_k,P'f,,-Z,,,zzf)_,,._ 1

L.f,,,,"Z,,,_

Of Z'_.:./ Z.l. z: ,,,J Z.,y

CZ// --

I c,,: _,_ +ZL
I z._i z,,_,

I _,_. ,ef£,

I
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I

I Thus, solve for _ ed, _q.

!

I

I
I
I

I

w

I
I

I

I

I

I

I

I

4?

(gza)

I
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Fig. 22

(ii)

Gl(s) , G2(s) , G3(s) and G4(s) are linear filters. They can

be implemented on an analog computer. The coefficient of the

filters can be tabulated by digital computer so that a new set

of values can readily be obtained when the machine and/or load

parameters are changed while this implies to change of potentio-

meter settings.of the analog computer. However, this section

will emphasize on theoretical analysis of the equivalent

filters. Different kinds of stability analysis methods are

used to interpret the relative stability, transient and ether

concerns. Numerical examples are given along with the dis-

cussion. Digital computer is used for the computations.

First, the characteristics of the transfer functions of the

models Gl(s), G2(s), G3(s) and G4(s) are investigated. The

denominator is a fourth order polynomial with all the co-

efficients positive. There will be four poles. Their

locations depend on the generator and load parameters and

the generator frequency which has been assumed constant.

For the system to be stable, all these poles of the closed
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I
I
I

I

I

I
I
I

I
I

I
I

I
I

I
I

I

5o

loop system must lie on the left half of the complex plane

so a6 to ensure convergence. The closed loop system is

assumed to be: (with constant speed drive)

i ] e
Logo

Fig. 23

Closed-Loop System

Thus, the synchronous generator and the load can be considered

as an open-loop plant.

A synchronous generator used as a sample throughout the follow-

ing discussion is rated at 120 volt/lll amp line to neutral with

a power factor of 0.75.

_ = 2500 radians/second

_S = 0.068 henries

_= 0.044 henries

_ = i.O ohms

_L = O.8 ohms

LL = 0.0003 henries

I
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I

I From the previous argument and derivation

1

1

I

I

- 5X,'o s('ss4/,,_x/oSs </,?Tx/o% - 7 .oTz/o
7

c_ _+ /,37X/O'_/-3,08 X/o
II

I

I
The steady state _ains are -

1

I

1

.S ---_0

.5----0

G3(s) I --- /,2_

I _¢.(s) I = /,/5-

I Factorize G3(s) and G4(s)

I

I
G_ (s):
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The denominator determines the locations of the open-loop

poles while the numerator determines the open-loop zeros.

The poles are the starting points of the root locus which

terminate at the corresponding zeros as the gain approaches

to infinity. Observe both G3(s) and G4(s) have the same

denominator and the poles are all in the left half plane,

therefore, the open loop plant is s stable one. Only G4(s)

is plotted on the complex plane.

I

I

I

I

I

I

I

I

I
I
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I Fi 5. 24 Root locus of G4(s)
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G3(s) and G4(s) have poles located at -25, -5300, and -360.

The latter is taken from the real part of the pair of complex

root. The correspondent time constants are

T1 1 - 0.0435 sec.
- 23

1

T 2 = _ = 0.00277 sec.

1

T3 - 5300
2 0.000189 sec.

The last two are comparatively insignificant. Thus, for a

rough estimate, the synchronous generator with excitation

voltage ef as the only f_ed forward control effort, can be

approximated as a first order system with a time constant

of T 1. Generally, T 2 can be included as subtransient time

while T 1 as transient time constant. From eqs. (_a) and

.9@b), steady state gain of terminal voltage et over ex-

citation voltage ef can be derived.

I

I

I

I

I

I

I

I
I

EF (s)

= 1.7

Therefore, the approximated linear transfer function of et/e f

can be written as:

I
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(iii) Frequency domain plot:

To plot G3(s) and G4(s) in the frequency domain, let

s - jo_

#,

=Io 0,<<,)i z2=>

Similarly:

I

I

I

I

where

clo_7
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/,.,

where
,P

t/,_ cd,_) :
f

L

,,% !

t

_, _. <,-_$

ri_. 25

Use the same data for the synchronous generator and impose

the same assumptions as in the previous example. Plot the

transfer functions with respect to frequency in Fig. IV.

Consider G3(s) , the zero cross-over of the amplitude curve

corresponds to a phase lag of 35 ° . That is a phase margin

of 145 °. G3(s) is far from unstable. One must know that not

all the poles and zeros are in the left half of the complex

plane. The non-minimum phase characteristics prevent the

direct approximation of the phase angle derived from the

asymptotic plot of the amplitude curve.

I
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I
I
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I

I
I

I

(iv) Transfer function derivation from laboratory data:

Conversely, if a transient response curve is in hand, a

transfer function can be derived from asymptotic plot in a

frequency domain curve. The break-away points of two

asymptotes with 20 db/dec_de decay difference determines

the time constants. The order of the transfer function

depends on the need of accuracy in describing the

characteristics. It mu_:t b_ notp_ that a time dom_in

plot which is the usual case of laboratory data, should be

transformed into frequency domain plot before applyin@ the

aDproximation technique. The abscissa should be the ratio

of output versus input in decibel while the ordinate,

frequency on radians <)er second. Sup_)ose an actual curve

is plotted in Fi[. D. Three asymptotic lines are approxi-

mated. The zero db/decade line is at 4._ db which determines

the gain of the transfer function while the two break-away

points at

_8

I
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/

The transfer function becomes -

J )c.}h _ #.

6,"+ _ s,,d/,_ :_.

/

7+ 2e : _ " i+-.._,o :)

/,7

- j(--f

_.I-_-o.o4_5S /# 0.0oZ77_)

(v) Two manipulated variables:

If both _w and Aef are considered simultaneously,

I gxj i

"? <'i

,a',

jt --!

..

_ ./)

CO

I
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Again, approximate the coefficients by assuming

_-_---AL/A" -

(1o <_Zj
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_o 4 i.<..,,)

The increments of the variables have to be small for the

formulation to be valid. The result is an interacting system.

_i I ,

+

+

C
-4-

Fi E . 26 Linearization of two control variables

I
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I (vi) Closed loop control:

I e____ )

I

I
I

E

-I

{i

ii,

I
I

I
I
I

I

t

TCs_ =

where

transfer function of

controller

measuring elements

closed-loop transfer

¢

synchronous generator

function :

I Assume:

I

I

I ,4/(s)= /,0

I

65

I
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It is desired to find the maximum permissible gain K for a

stable operation. Hurwitz criterion states that a characteristic

equation

J2-/
C_'2 _" _ _7_3 " _-_7o = 0

All the determinants

.J

0 0

0

must be positive for a stable system. The characteristic

equation of T(s) is

Set the determinants equal to zero for critical condition.

('/3 8-(o/4 /o _ --"0
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I
_3s -4_)/o8 /

2. o8 -e,8,_)/o
/!

i.e.,

I

I
Since both values are valid, it is desirable to choose K2 = 31.6

I

I

I

I

C_. d- 3._'#'_)1¢, "

("4,,S"- 4,-",_,< .J/o_

o / ,a&.-

0

¢/d'-2. V3_ .j/_s

I K"-,_'¢'. :'$ j

I It is desirable to have K3 = 34.76

I

I

To compare with the KS obtained from the three determinants,

in order to satisfy the criterion, the smallest value should

be chosen. That is K = K 1 = 23.



68

I

I
(vii) Sensitivit> :

Since any component of the same kind may not be identical

due to various reasons, it is beneficial to learn the

I variation of total performance with respect to the deviationof characteristics of a certain component. It can be the para-

metero_ of the plant, the gain of the amplifier or others. For

instance, one would like to know the effect of K on T(s) in

I the last example. Define sensitivity as

/

I

I

I
T

The smaller the value of SK, the less effect of variation of

K on T(s). However, in this example, the sensitivity is al-

most linearly related to K because KGs>> i.

I

I

I

(viii) Degrees of Freedom:

By investigating the closed-loop transfer function

T(sJ _c c,,s)_s ('_>)

w_j

+
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I
{

I assuming the plant Gs(s) is fixed, one can adjust the controller

Gc(s) or feedback element H(s) respectively to obtain a desired

i T(s). Thus, there is only one degree of freedom. If Gc(s) andH(s) are adjusted simultaneously, there will be two degrees of

freedom. The latter is more flexible and many a time the im-

plementation is much easier to be realized.

I (ix) Model Approach:

I Another method to enforce a specified transient response of a
synchronous generator is by introducing a model which describes

ification The block diagram will be asthe spec precisely.

i follows:

I '

' tI

I __o:

I Let H _ 1 and make

I l_l_ ,
0

I _--_

I

I
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

where

O(s) = output

I(s) = input

Gm(s) = transfer function of model

7O
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